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Cellular response to DNA damage after exposure to organophosphates in 
vitro 
 
 
This study aimed to investigate the potential of dichlorvos (DCV), chlorpyrifos (CPF) and sarin (GB) to 
induce DNA damage in vitro.  DNA damage was measured by the alkaline comet assay in the 
neuroblastoma SHSY-5Y and lymphoblastoid TK6 cells and corroborated using phosphorylation of 
H2AX. Cytotoxicity was measured using the MTT assay in TK6 cells. The activation of DNA damage 
signalling pathways was investigated using western blotting.  TK6 cells were used to investigate p53 
levels and cleaved PARP-1 after exposure to OPs. Cell cycle effects were investigated in A549 cells by 
measuring the phosphorylation of the retinoblastoma and cdc2. Whether a slowing of the cell cycle 
allowed for initiation of repair mechanisms was investigated in cells lacking the DNA repair pathways 
base excision repair (BER) and non homologous end joining (NHEJ) after DCV.  
 
DCV induced DNA damage, the genotoxic potential was also corroborated by increased expression of 
γH2AX. DCV was cytotoxic at high concentrations.  DCV results in increased p53 levels but no 
apparent phosphorylation on Ser15, which is known to be phosphorylated when exposed to other 
genotoxins. A G2/M block was found after exposure to dichlorvos as well as the possible initiation of 
DNA repair mechanisms NHEJ and BER.  
 
CPF and CPF oxon induced DNA damage in TK6 cells with a decrease in cell viability. Western blot 
analysis did not show a p53 response to the DNA damage with CPF. A small p53 effect at 24hours 
was seen with chlorpyrifos oxon but p53 may have been induced at an earlier time point. It is 
possible that the DNA damage observed was due to both direct DNA damage and other cellular 
effects, as the cells undergo apoptosis or necrosis and subsequent DNA degradation. 
 
 Sarin caused low levels of DNA damage after 1 hour, which was partially repaired at 24 hours.  This 
resulted in low level cytotoxicity and a rapid but transient increase in p53 levels and a G2/M cell 
cycle arrest.   
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Investigations Into The Genotoxic Potential Of Dichlorvos 
 
 
Remington SE, Jowsey PA, Williams FM, Blain PG 
Medical Toxicology Research Centre, Newcastle University, Newcastle upon Tyne NE2 4AA 
Author’s email s.e.remington@newcastle.ac.uk 
 
Dichlorvos is an organophosphate pesticide which is a potent acetylcholinesterase (AChE) inhibitor in 
insects and in man. The effects of AChE inhibition are well documented but several studies suggest 
that dichlorvos is also able to cause DNA damage. The genotoxic potential of dichlorvos has been 
reviewed extensively with reports by the IARC (1991) and Mennear (1998) it is generally considered 
that Dichlorvos is DNA damaging in vitro (Booth 2007). In this study the potential of dichlorvos to 
cause DNA damage will be investigated by the comet assay in parallel with the measurement of DNA 
damaging signalling pathways.  
 
Neuroblastoma (SH-SY5Y) cells were exposed to acetone (vehicle control), 2.7nM or 2.7µM 
dichlorvos for 10mins and DNA damage measured as Olive Tail Moment (OTM) was determined 
using the alkaline comet assay. Hydrogen peroxide (10µM) for ten minutes was used as a positive 
control, untreated cells were used as a control.  DNA damage was also assessed in TK6 
lymphoblastoid cells by the comet assay. The damage seen in initial experiments with SHSY-5Y cells 
was after a short exposure time at relatively low doses.  Therefore, experiments were repeated using 
higher doses. TK6 cells were exposed to a range of dichlorvos concentrations (2, 20, 40, 60 and 
100μM) for 24 hours and DNA damage measured. In parallel cytotoxicity was measured using the 
MTT assay and cell viability was expressed as a percentage of control. In order to establish whether 
dichlorvos initiated DNA signalling cascades or apoptosis in TK6 cells, Western blotting was used to 
investigate p53 induction and PARP-1 cleavage after exposure to 2, 20 or 100µM dichlorvos for 24 
hours.  Etoposide was used as a positive control for p53 induction and PARP-1 cleavage.  
 
In SHSY-5Y cells, DNA damage was increased at both 2.7nM (p value = 0.0062) and 2.7µM (p value 
= 0.0002) when compared with control. TK6 cells displayed a dose-dependent increase in DNA 
damage after 24 hours exposure to dichlorvos (Table 1). 2µM dichlorvos had no effect on cell 
viability at 24 hours, however at 20 µM - 60 µM there was a loss of 20 % viability and 100 µM 
caused a 40% reduction in cell viability (Table1). 
 
Table1. DNA damage and cell viability in TK6 cells by DDVP (2, 20, 40, 60 and 100µM) for 24 
hours. DNA damage was measured as Olive Tail Moment (OTM) (P value =<0.0001*** Mann 
Whitney U). Cytotoxicity was measured as a percentage of control (MTT). 
  Untreated Acetone 2µM 20µM 40µM 60µM 100µM 
H2O2 
(10µM) 
DNA damage (OTM) 0.47 0.34 2.04*** 2.77*** 3.91*** 4.25*** 6.72*** 18.62*** 
Cytotoxicity (% 
viability) 100.00 93.7 82.6 80.2 82.6 78.8 63.2 3.3 
 
Western blot analysis showed that the levels of full-length PARP-1 decreased only after 100µM 
dichlorvos and this is indicative of apoptosis. A background level of p53 was seen in the untreated 
and acetone treated cells with a high induction occurring with 20µM dichlorvos and etoposide which 
was indicative of DNA repair. 
 
The comet assay has demonstrated that dichlorvos can cause DNA damage at low nM concentrations, 
after only 10 minute exposure. Induction of p53 provides further evidence of the ability of dichlorvos 
to bind to DNA in vitro.  
 
We acknowledge the UK Home Office for funding this research    
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Organophosphates (OP’s) are used as pesticides which are a potent acetylcholinesterase 
(AChE) inhibitor in insects and in man. The effects of AChE inhibition are well 
documented but several studies suggest that OP’s are also able to cause DNA damage. In 
this study the potential of DCV and chlorpyrifos (CPF) to cause DNA damage will be 
investigated by the comet assay in parallel with the measurement of DNA damaging 
signalling pathways.  
 
SHS5Y Neuroblastoma cells and TK6 lymphoblastoid cells were exposed to a range of 
concentrations (0.01, 0.1, 1, 10 and 100μM) of both DCV and CPF. DNA damage was 
measured by the comet assay after exposure for 1 hour and 24 hours.  Cytotoxicity was 
measured using the MTT assay and cell viability was expressed as a percentage of 
control. In order to establish whether the OP’s initiated DNA signalling cascades or 
apoptosis in TK6 cells, Western blotting was used to investigate p53 induction and 
cleaved PARP-1 after exposure to (0.01, 0.1, 1, 10 and 100μM) for 1, 2, 4 and 24 hours.   
 
The background DNA damage measured in olive tail moment in untreated and acetone 
treated cells (giving an OTM value of <1) was increased with an increase in dose of OP. 
Treatment with 100μM DCV gave an OTM value of 4.04 (±1.04) whilst CPF gave a 
value of 2.35 (±0.72) after 1 hour.  A decrease in cell viability was seen with an increase 
in dose after 24 hours. A 40% and an 80% loss occurred with 100μM DCV and CPF 
respectively.   
 
Western blot analysis showed that the levels of cleaved PARP-1 slightly increased after 
100µM DCV and this is indicative of apoptosis after 24 hours. A background level of p53 
was seen in the untreated and acetone treated cells with a maximum induction occurring 
with 100µM DCV after 4 hours. 
  
The comet assay has demonstrated that DCV and CPF can cause DNA damage after 
exposure for an hour. 100µM DCV caused DNA damage without significant loss of cell 
viability or an indication of high apoptotic activity. Induction of p53 provides further 
evidence of the genotoxicity of DCV in vitro.  
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Organophosphates (OP’s) are acetylcholinesterase inhibitors, although some studies have suggested 
that they are also able to damage DNA.  The cellular response to genotoxic stress is initiated by the 
activation of the ATM (ataxia-telangiectasia, mutated) and ATR (ATM and Rad-3 related) protein 
kinases. These kinases phosphorylate various target proteins including p53, the checkpoint kinases 
Chk1 and Chk2, p53 and histone H2AX. These proteins along with many others act to slow the cell 
cycle progression, enhance the DNA repair capacity of cell or to direct cells to apoptosis. H2AX 
phosphorylation on serine 139 has been demonstrated in response to a range of DNA damaging agents 
and has been used as a sensitive indicator of genotoxic damage. This study aimed to investigate the 
potential of dichlorvos (an oxon) and chlorpyrifos (a thiosulphate) to induce DNA damage. Extensive 
H2AX phosphorylation occurs adjacent to DNA damage and can be detected by immunofluorescence 
resulting in individual foci within the cell nucleus that can be counted. Also the activation of DNA 
damage signalling pathways was investigated using western blotting. Finally cell cycle effects were 
investigated by measuring the phosphorylation of the retinoblastoma protein (hypophosphorylated 
when cell the cell cycle is arrested at the G1/S phase) and cdc2 (hyperphosphorylated during G2/M 
phase arrest).  
 
The phosphorylation and cellular localisation of H2AX was investigated using immunofluorescence 
after exposure of cells to dichlorvos (0.01, 0.1, 1, 10 and 100μM) for 4 hours. Hydrogen peroxide 
(100μM) was used as a positive control. The induction of DNA damage signalling pathways was 
investigated using Western blotting. A549 cells were treated with dichlorvos (10μM and 100μM) and   
chlorpyrifos (10μM and 100μM) 24 hours. Etoposide (5μM and 50μM) was used as a positive control 
for phosphorylation of p53 and for cell cycle effects.  
 
Dichlorvos showed clear phosphorylation of H2AX which formed nuclear foci after treatment in 
A549 cells after dichlorvos for 4 hours. These were not as clear or numerous in comparison with the 
hydrogen peroxide control. Western blot analysis showed that dichlorvos caused an induction of p53 
after 4 hours but did not show a significant induction of p53 after 24hours although this was clear 
with etoposide. Dichlorvos did not cause a decrease in Rb phosphorylation after 4 or 24 hours. There 
was a clear decrease with etoposide after 24hours at both 5 and 50 µM etoposide. A G2-M phase 
block was indicated by an increase phosphorylation of cdc-2 this occurred after 4 hours with 5µM and 
50µM etoposide but not dichlorvos. After 24r hours a decrease was seen in the phosphorylated cdc-2 
protein with etoposide, other studies (Dan and Yamori, 2000) have confirmed this finding after the 
initial exposure.  Chlorpyrifos does not show an induction of p53 or any cell cycle effects after 24 
hours, the induction of p53 and cell cycle effects was clear after 24 hours after treatment with 
etoposide at both 5 and 50 µM.  
 
Dichlorvos caused the formation of H2AX foci and this is an indication of the genotoxic potential of 
dichlorvos in A549 cells. The induction of p53 at 4 hours further suggests that dichlorvos is a 
genotoxin in vitro. No cell cycle effects were seen with either dichlorvos or chlorpyrifos.  
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1.0 Introduction 
 
1.1 Organophosphates Compounds 
The first organophosphates (OPs) were synthesised for use as insecticides in the 19th 
century and continue to be used as such today, with over 100 commonly used pesticides 
available worldwide. The extensive use of OPs as pesticides has led to an increase in 
poisonings, with 750,000 to 3,000,000 poisonings estimated worldwide per year. OPs cause 
a toxic effect by inhibiting the acetylcholinesterase (AChE) enzyme and disrupting 
neuromuscular transmission. This property led to a number of highly toxic compounds being 
developed and stockpiled for use as nerve agents, including sarin, soman and tabun. Nerve 
agents were used in the Iran-Iraq war in the mid-1980’s (Holstege et al., 1997), leading to 
the exposure of many Iranian soldiers and civilians. More recently, in 1995 in Japan, the 
Aum Shinrikyo religious cult released Sarin into the Tokyo subway in a terrorist attack 
resulting in multiple fatalities and casualties (Vale., 2005). In addition to deliberate exposure 
there are a number of people exposed occupationally each year. For example pest control 
workers and farmers will come into close contact with pesticides that are often OPs. There is 
evidence that some OP pesticides may have in vivo genotoxic effects, suggesting a possible 
link to cancer with long term or repeated heavy exposures in farmers, who use sheep dip 
containing diazanon (Hatijan et al., 2000). Therefore a number of people worldwide can be 
exposed to OPs and it is important to understand if any toxicity occurs after exposure to 
OPs.  
 
 
Figure 1.1 General organophosphate structure. X = oxygen or sulphur, R1 and R2 = alkyl groups, L = 
leaving group Mutch et al. (1995). 
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Figure 1.1 shows that the OP is organised around a central phosphorous with a number of 
groups attached to it. Always present is the leaving group, represented by L, which is 
removed when the OP phosphorylates target proteins. Also present is either an oxygen or 
sulphur atom double bonded to the central phosphorous. The R1 and R2 groups vary from 
compound to compound but are generally alkoxy groups (Costa., 2006).  In order for an OP 
compound to become effective, it is necessary for it to be in an oxon form. OPs that contain 
a sulphur molecule undergo bioactivation to remove the sulphur thus allowing for oxon 
formation.  
  
1.2 Mechanisms of acute toxicity 
Acetylcholine esterase (AChE) is the primary target of OP toxicity. This enzyme is classed as a 
B esterase whose major role is the hydrolysis of acetylcholine (ACh). ACh is a major 
neurotransmitter in the peripheral and central nerve system. Hydrolysis of ACh by AChE is 
essential for proper regulation of the nervous system.  OPs with a P=O moiety are able to 
phosphorylate a hydroxyl group of a serine situated in the catalytic site of AChE.  This 
disrupts the ability of the enzyme to bind to its normal substrate. The effects of OPs on the 
enzyme are long-lived because the bond between the carbonyl carbon of the acetylcholine 
(acetate component), is not as stable as the bond between the phosphorous of the OP oxon 
and the esteric site of the AChE (Costa et al., 2003). This is displayed nicely in that the 
carbon to enzyme bond is broken in a matter of seconds whereas the phosphorous to 
enzyme bond can take hours or days to be broken, dependent upon the chemical structure 
of the OP (Cho et al., 2004). The bond between OP and AChE is hydrolysed by water at a 
very slow rate. The rate can vary depending upon the R group of the OP compound (Worek 
et al., 2005). However this process can be altered by the use of oximes, containing a 
positively charged atom that is able to bind to the anionic site of AChE; this is then able to 
assist in the removal of the OP (Chunyuan et al., 1999). This is considered a therapy for 
nerve agent or OP poisoning but the administration of an oxime such as pralidoxime needs 
to be as soon as possible after exposure to the toxin due to the “aging effect” of the OPs, 
which render reactivation of a phosphorylated AChE impossible (Luo et al., 1999). Aging 
consists of the loss of one of the two R groups. The rate of aging depends mainly on the type 
of R group. (Costa et al., 2006). After an enzyme has become aged the only means of 
replacing the enzyme is through synthesis of new enzyme. 
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ACh is released from cholinergic nerves and is disposed of solely by the action of AChE. 
When this process is halted or slowed by the action of OPs it causes the accumulation of 
ACh at the presynaptic terminal. This build up causes a “cholinergic syndrome” which 
presents itself in an individual by increased sweating, bronchial secretion and salivation, 
miosis, bronchoconstriction, gastrointestinal motility is increased possibly causing vomiting, 
diarrhoea, muscle tremors and muscular twitching occurs along with other central nervous 
effects. Acute exposure can lead to death, likely due to respiratory failure caused by 
inhibition of respiratory centres in the brainstem, flaccid paralysis of the respiratory muscles 
and the other bronchial complications previously mentioned. 
 
Another clinical manifestation of OP poisoning exists and this is known as the intermediate 
syndrome. This syndrome is characterised by weakness in respiratory, neck and proximal 
limb muscles. This does not occur as a direct effect of AChE inhibition and appears several 
hours after the beginnings of the cholinergic symptoms, but before the appearance of 
symptoms of organophosphate induced delayed polyneuropathy (OPIDP), hence the label 
intermediate (Yang et al., 2007). The actual mechanism for this syndrome is unknown but 
one likely hypothesis is that muscle weakness occurs due to receptor desensitisation, due to 
prolonged over stimulation.  
 
Aside from the inhibition of AChE, OPs can cause another type of toxicity called 
organophosphate induced delayed polyneuropathy (OPIDP). Symptoms of this condition 
become apparent after 2-3 weeks and include swelling and a tingling sensation in the hands 
and feet, sensory loss, muscle flaccidity and ataxia (Moretto et al., 2006). The main nerve 
types affected are the larger or longer myelinated central and peripheral nerve fibres.  The 
molecular target is an enzyme found in the nervous tissues called neuropathy target 
esterase (NTE). This enzyme is inhibited by OPs in a manner analogous to the inhibition of 
AChE. In order for OPIDP it is necessary for the NTE to become phosphorylated and aged by 
at least 70% (Moretto et al., 2006). The function of the enzyme is not clear, but it is found in 
the peripheral nerve system, brain and spinal cord. Neuropathy occurs after the NTE has 
aged, involving cleavage of the lateral side chain from the phosphorylated NTE. This occurs 
in the axon and the neuron cell body. These molecular changes are followed by 
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characteristic changes in the peripheral nerve, including the degeneration of long axons, 
with the loss of myelin and Schwann cell proliferation in the nerves.  
1.3 Metabolism of OPs 
 
OPs are metabolised by cytochrome P450s (CYPs) and a number of different esterases.  
These enzymes differ between individuals in their activity and this can greatly affect the 
toxicity of the OP, as some require bioactivation. Multiple forms of CYPs are responsible for 
the bioactivation of OPs by catalysing the desulfuration to form an oxon, for example CYPs 
2D6, 3A5, 2B6 and 3A4 are responsible for the bioactivation of chlorpyrifos to chlorpyrifos 
oxon (Mutch and Williams., 2006) Additionally CYPs are also responsible for the 
detoxification of OPs. Further different isoforms of the CYPs can lead to different 
detoxification actions, for example, while CYP2B6 metabolizes chlorpyrifos primarily to the 
oxon, it metabolizes parathion primarily to p-nitrophenol (Buratti et al., 2002). In addition to 
being metabolised by CYPs OPs also undergo catalytic hydrolysis by phosphotriesterases or 
esterases. These enzymes are not inhibited by OPs and play an important role in the 
detoxification of OPs. The most documented example of these enzymes is Paraoxonase 
(PON1). This enzyme is known to hydrolyse the oxon form of chlorpyrifos (Mutch and 
Williams., 2006). The metabolically activated OPs also interact with serine esterases (B-
esterases), examples include carboxylesterase and buturylcholinesterase. These enzymes 
are inhibited by OP’s but they are unable to catalytically hydrolyse them and therefore act 
as scavenger molecules.  
 
1.3.1 Genetic variation and metabolism of OPs 
 
The polymorphisms that exist between individuals means that each individual has different 
enzyme activity and will therefore react differently in relation to the activation and 
detoxification after exposure to OPs. Whether these differences between individuals have 
any effect on OP metabolism and toxicity is not clear. For example, genetic variations exist 
between individual glutathione S-transferase enzymes (GSTs). GSTs contribute to the phase 
II biotransformation of xenobiotics. GSTs contribute to this type of metabolism by 
conjugating these compounds with reduced glutathione to facilitate excretion from the 
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body. These enzymes may be particularly important for those OPs with methyl groups in the 
side chains as these can form a potential nucleophile and glutathione is a very efficient 
nucleophillic scavenger (Costa et al., 2005). The polymorphisms that exist may be 
particularly important in an individual’s ability to metabolise OPs effectively, as it has been 
found that dichlorvos is extensively metabolised by rats in the liver via two enzymic 
pathways, one which is glutathione-dependent, the other is glutathione independent. 
Therefore glutathione (GSH) availability can be a rate limiting factor for dichlorvos 
elimination (USEPA 1996). Glutathione predominantly exists in its reduced state in cells 
(termed GSH) which is also able to scavenge free radicals produced from reactive oxygen 
species, which OPs such as dichlorvos are believed to cause.  
 
Esterases are able to hydrolyse the oxons of OPs directly to their constituent acid and 
alcohol, thereby detoxifying them and giving protection against the toxic effects of OPs. 
Paraoxonase 1 (PON1) is an example of an A esterase that is able to protect against OP 
toxicity (Furlong et al., 2002). It received its name from paraoxon; it was found to 
metabolise the active metabolites of parathion but not the parent compound, in addition 
PON1 is not able to metabolise several other OPs including malaoxon and dichlorvos 
(Furlong et al., 2010). PON1 is a high density lipid associated esterase, is calcium dependent 
and is predominantly synthesised in the liver.  Early studies have indicated that there are 
differing levels of PON1 activity in the plasma in human populations and this demonstrates a 
polymorphic distribution (Costa et al., 2003) and this exhibits a large variation in activity and 
concentration amongst individuals. Currently two polymorphisms have been identified that 
can have an effect on the catalytic activity of PON1. These are found at position 192 where a 
Gln/Arg substitution occurs and at position 55 where Leu/Met occurs, both polymorphisms 
have been found to affect the catalytic activity of the enzyme (Sirivarasai et al., 2007).  
 
One such protective biochemical mechanism arises from the family of nontarget serine 
esterases, which the inhibition of these esterases does not prove to be life threatening.  
These include the carboxylesterases, (CES1 found in monocytes and liver and CES2 found in 
the intestine and liver) and butyrylcholinesterase. Inhibition of these esterases serves as 
protection, because phosphorylation at the active site removes the OP molecule, thus 
accomplishing a stoichiometric detoxication (Chambers et al., 2003). Therefore the amount 
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of protection that nontarget esterases can provide is limited by the number of nontarget 
esterase molecules present and this will differ between individuals. 
 
1.3.2 Metabolism of chlorpyrifos 
 
Chlorpyrifos upon entering the body is rapidly metabolised and converted by CYPs to its 
oxon form. The oxon can then be spontaneously hydrolysed to form a dialkyl phosphate 
metabolite and a corresponding organic metabolite containing the leaving group portion of 
the original compound. For example chlorpyrifos is metabolised to diethylphosphate and 
3,5,6-trichloror-2-pyridinol (TCPY). If chlorpyrifos is not converted to its oxon the compound 
is hydrolysed to its organic group metabolite (diethylthiophosphate) and dialkylthionate 
metabolites (TCPY) (Meeker et al., 2004; Nolan et al., 1984). Please refer to figure 1.2. 
 
Figure 1.2. A schematic of the Metabolism of Chlorpyrifos taken from Wessels et al 2003 
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1.3.3. Metabolism of dichlorvos 
 
As with previously mentioned chlorpyrifos and other OPs the liver is the main site of 
detoxification converting to dichlorvos to dimethyl phosphate.  Several species have been 
evaluated in their ability to metabolise dichlorvos and each follows a similar path (Figure 
1.3). The differences between species are generally attributed to the differing availabilities 
of enzyme and the rate at which these metabolic pathways occur. As previously mentioned 
dichlorvos is rapidly hydrolysed to dichloroacetaldehyde and  dimethyl phosphate by PON1 
(A esterase)  and carboxylesterases mainly in the liver.  Several species have been evaluated 
for their ability to metabolise dichlorvos and show qualitatively similar pathways with some 
quantitative differences. Also in the presence of glutathione, glutathione-S-transferase 
catalyses formation of desmethyl dichlorvos and methylglutathione but this pathway is 
minor.  Desmethyldichlorvos is then a substrate for PON1. Dichloroacetaldehyde is unstable 
and is converted to dichloroethanol which forms dichloroethanol glucuronide. 
Dichloroacetaldehyde also undergoes dehalogenation (Wooder et al., 1977). 
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Figure 1.3. A schematic of the Metabolism of Dichlorvos. Adapted from Wooder et al., 1977. 
 
 
 
1.3.4 Metabolism of sarin  
 
Sarin will rapidly bind to AChE and other esterases. These nerve agents contain a C-P bond 
that is almost unique, for example, it is not found in OP pesticides; the C-P bond is very 
resistant to hydrolysis which is why they are effective as nerve agents (Munro et al., 1999). 
Esterase enzymes, such as paraoxonase, hydrolyze sarin to inactive metabolites (Davies et 
al., 1996) Isopropyl methyl phosphonic Acid (IMPA), which slowly undergoes further 
hydrolysis to the very stable methyl phosphonic acid (MPA) (figure 1.4). Matsuda et al. 
(1998) detected the sarin metabolite isopropyl methylphosphonic acid in the brains of 
victims of the Tokyo subway attack. Minami et al. (1997) found peak levels of the sarin 
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metabolite isopropyl methylphosphonic acid in human urine 10–18 h following the Tokyo 
subway attack. Esterase enzymes, such as paraoxonase, hydrolyze sarin to inactive 
metabolites (Davies et al., 1996). 
 
 
 
Figure 1.4 A diagram showing the hydrolysis of sarin. Taken from Munro et al. (1999). 
 
 
1.4 Studies investigating the genotoxic effects of OPs 
 
A number of studies have described an increase in certain cancers in occupationally exposed 
individuals, for example non-Hodgkins lymphoma in farmers exposed during treatment of 
crops with OP pesticides. (Dreiher et al., 2005).  In addition, Atherton et al. (2006) have 
demonstrated the ability of OP insecticides to directly damage DNA in freshly isolated 
human lymphocytes in vitro utilising the comet assay. Additional studies are also being 
completed within our group to measure levels of DNA damage in lymphocytes from farm 
workers in Spain immediately after spraying of crops with OP pesticide (Atherton et al., 
2009) and suggest an increase in oxidative stress. There was a increase in 8-
oxodeoxyguanosine in OP-exposed individuals, correlated with increased levels of urinary 
OP metabolites though the sample number was low.  Studies have also been performed on 
lymphocytes isolated from individuals occupationally-exposed to OPs as well as on cultured 
cells exposed to OPs during experimental procedures (Paz-y-Mino et al., 2002).  Before 
describing specific studies, some background information will be provided on the type of 
tests currently employed to measure the genotoxic potential of a compound. 
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1.4.1 Genotoxicity tests 
Before reviewing the genotoxic studies available for chlorpyrifos, dichlorvos and sarin, a 
brief overview of the most common types of genotoxic test is described below. 
 
1.4.1.1 Comet assay 
Comet assay, also known as single cell gel electrophoresis (SCGE), is a micro gel 
electrophoresis technique which detects DNA damage and repair in individual cells. The 
principle of the comet assay is that single cells are embedded on a thin layer of agarose on a 
microscope slide. After exposure to a lysis buffer the cell is stripped of all cellular proteins 
and the remaining deoxyribonucleic acid (DNA) is allowed to unwind in alkaline (or neutral 
depending on type of DNA damage to be detected) conditions. Unwinding of the DNA and 
electrophoresis at neutral pH (7–8) predominantly facilitates the detection of double strand 
breaks and cross links; unwinding and electrophoresis at pH 12.1–12.4 facilitates the 
detection of single and double strand breaks, incomplete excision repair sites and cross-
links; whereas unwinding and electrophoresis at a pH greater than 12.6 expresses alkali 
labile sites in addition to all types of lesions listed above (Kumaravel et al., 2007). The DNA is 
then electrophoresed. During this any broken or damaged DNA will migrate further away 
from the nucleus. The cells are then stained with a fluorescent dye for analysis under the 
microscope.  
 
The comet assay can be conducted in both in vitro and in vivo test systems and is 
increasingly being used in genotoxic testing of industrial chemicals, agrochemicals and 
pharmaceuticals. Comet assay is rapid (results in days), simple to perform, requires small 
amounts of test substance (25-50 mg) and can be performed in almost any eukaryotic cell 
(different animal organs). Comet assay serves as an important tool in the early drug 
development compounds as a mechanistic and genotoxic predictor. In addition repair 
enzymes can be incorporated into the comet assay; these remove specific forms of DNA 
damage, and create a single strand break which results in a higher Olive Tail Moment (OTM). 
This allows for the identification of the type of damage occurred after exposure to a 
particular compound as the enzymes will be specific to a certain type of lesion. 
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1.4.1.2 The Micronucleus assay  
 
The micro nucleus assay (MN) is able to test the ability of a compound or chemical to cause 
a change in chromosome structure and or number. The size and shape and number of 
chromosomes are constant for each species therefore any disruption can therefore be 
detected.  During cell division, the genetic material replicates and then divides equally 
between the two daughter cells that are produced. If this process is disrupted, or the 
chromosomes are broken or damaged by chemicals or radiation, the distribution of genetic 
material between the two daughter nuclei may become uneven and pieces or entire 
chromosomes may fail to be included in either of the two daughter nuclei. The genetic 
material that is not incorporated into a new nucleus may form its own "micronucleus" which 
is clearly visible with a microscope. Determining a chemical's ability to induce chromosomal 
damage is a useful indicator to observe whether a chemical can cause cancer, as a number 
of cancers are characterized by chromosomal changes.  
 
1.4.1.3 Sister Chromatid Exchange 
Sister Chromatid Exchange (SCE) is the exchange of homologous stretches of DNA sequence 
between sister chromatids. SCE occurs normally in cells during S phase however the rate of 
SCE can be accelerated if a cell is exposed to genotoxic agents which are able to from DNA 
adducts or induce point mutations. It is thought that SCE is an attempt by the cell to fix the 
DNA damage caused by genotoxic agents and has been correlated with recombination 
repair; therefore, you would expect a more potent genotoxic agent to generate a higher 
rate of SCE.   
1.4.1.4 Chromosome aberration 
Structural chromosome aberrations may be induced via DNA breaks by various types of 
mutagens. Such DNA breaks may rejoin such that the chromosome is restored to its original 
state, rejoin incorrectly or not rejoin at all. These last two cases may be observable on 
microscopic preparations of metaphase cells. Induced chromosomal aberrations can be 
divided into two main classes: chromosome-type aberrations, involving both chromatids of 
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a chromosome, and chromatid-type aberrations involving only one of the two chromatids. 
Ionizing radiation induces chromosome-type aberrations (symmetric aberrations), like 
dicentrics, inversions, ring chromosomes, in the G0 or G1 stage of the cell cycle (i.e. prior to 
replication), while chromatid type aberrations (asymmetric aberrations), like breaks and 
gaps, are produced during the S or G2 stage (i.e. during or after replication). Most chemical 
mutagens are S-dependent clastogens and therefore produce chromatid-type aberrations. 
 
1.5: Genotoxic effects of OPs 
 
Below is a review of the genotoxic data available for chlorpyrifos, dichlorvos and sarin. 
 
1.5.1 Chlorpyrifos 
Chlorpyrifos (chemical structure shown in figure 1.5) is listed by the Pesticides Safety 
Directorate for use in the UK (Environmental agency fact sheet) and is one of the most 
widely used organophosphate pesticides in America. It was used to control such pests as 
termites and was used in number of applications including residential and agricultural. In 
December 2000 it was decided by the Environmental Protection Agency (EPA) that all 
residential applications except for preconstruction termite applications were to be 
cancelled. In February 2001 residential formulation of chlorpyrifos was stopped and in 
December of the same year all retail sales for residential application were terminated (Barr 
et al., 2005). 
 
 
 
Figure 1.5 The chemical structure of chlorpyrifos.  
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Chlorpyrifos induces the same toxic effects as most pesticides caused by the inhibition of 
AChE (previously discussed) and is considered an EPA class II toxicant. In the literature there 
is conflicting data on the teratogenic, mutagenic effect or carcinogenic potential of 
chlorpyrifos. 
 
In vitro results by Gollaupdi et al. (1995) reported that chlorpyrifos did not induce DNA 
damage in Chinese hamster cells or rat lymphocytes; this was measured by the chromosome 
aberration test, however the route of exposure and dose was not stated. Muscarella et al. 
(1984) exposed Chinese ovary cells to 1, 10 and 100mg/ml of chlorpyrifos and did not see 
any increase in the rate of SCE or chromosome aberration.  A recent study by Cui et al. 
(2006) suggests that chlorpyrifos causes an increase in the incidence of micronuclei.  In this 
study the potential of chlorpyrifos and cypermethrin to form DNA adducts in mouse 
hepatocytes was evaluated. It was found that chlorpyrifos was unable to form such adducts. 
Rahmann et al. (2002), in contrast to other reports, concluded that chlorpyrifos was able to 
cause DNA damage in mice leucocytes in a dose dependent manner, with DNA damage 
measured using the alkaline comet assay.  The study also noted that the DNA was repaired 
48hrs after exposure. 
  
Studies with chlorpyrifos in the in vivo situation considers both the phosphorthioate and 
oxon form of chlorpyrifos as in animals chlorpyrifos is more readily metabolised to the 
active oxon form than in isolated cell lines. This is due to the abundance of cytochrome 
P450s in animals which can metabolise the chlorpyrifos to the active oxon. Amer et al. 
(1982) demonstrated that the repeated or dietary administration of chlorpyrifos induced 
significant incidence of micronuclei in mice bone marrow. The authors reported that mice, 
after receiving two injections of 45/mg/kg Body Weight (BW) over a period of one week 
(interval between dosing not specified), gave a mean of 23 micronuclei (MN) per 1000 
polychromatic erythrocytes (PCE) in comparison with a background of 10.8 MN-PCE.  This 
background has been questioned in the literature as being quite high, with a normal 
background being around 4 MN-PCE. In 1996 the same group reported that dosing mice 
with 4mg/kg of chlorpyrifos via Intra peritoneal (I.P) injection caused chromosomal 
aberrations after 24 hours. However the number of mice used was not stated. In contrast to 
these results Gollapudi et al. (1995) found no significant increase in MN in bone marrow 
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using 80% of an estimated LD 50 for chlorpyrifos (111mg/kg).  Rahman et al. (2002) tested 
the DNA damaging capacity of chlorpyrifos in Swiss albino mice. The mice were 
administered orally doses ranging from 0.28 to 8.96 mg/kg and a alkaline comet assay was 
performed on whole blood samples  at 24, 48 , 72 and 96 hours. Cyclophosphamide was 
used as a positive control. The group reported a statistically significant increase in DNA 
damage when compared to the positive control at 24 hours. The damage was also found to 
be dose related. The damage was seen to decrease over time and this was attributed to 
DNA repair pathways. Salazar-Arredondo et al. (2008) evaluated sperm DNA damage by 
several OPs including chlorpyrifos and chlorpyrifos oxon in human spermatozoa from 
healthy volunteers incubated with 50–750 μM chlorpyrifos and chlorpyrifos-oxon All 
concentrations were reported as not cytotoxic (evaluated by eosin-Y exclusion). Chlorpyrifos 
oxon was reported to be 15% more toxic to sperm DNA (evaluated by the Sperm Chromatin 
Structure Assay) than chlorpyrifos. Gupta et al. (2010) investigated the apoptosis and DNA 
damage inducing potential of chlorpyrifos in Drosophila melanogaster. Third instar larvae of 
Drosophila were treated with different concentrations of chlorpyrifos (0.015–15.0 μg/L) for 
2–48 h. Reactive oxygen species (ROS) generation, oxidative stress markers, DNA damage 
and apoptotic cell death end points were measured in them. A significant increase in DNA 
damage was associated with apoptotic mode of cell death in 15.0 μg/L Chlorpyrifos-treated 
organisms for 24 and 48 h. Depolarization in mitochondrial membrane potential and 
increased casapase-3 and caspase-9 activities occurred after exposure to chlorpyrifos. The 
study suggested that ROS may be involved in inducing apoptosis and DNA damage in larvae 
of Drosophila after exposure to chlorpyrifos. 
 
1.5.2 Dichlorvos  
 
The use of dichlorvos (chemical structure shown in figure 1.6) has ceased in Great Britain. In 
2002 the Health and safety executive (HSE) advised that dichlorvos stop being used as pest 
control agent. Dichlorvos is an OP and is effective as a pesticide as it is able to inhibit the 
AChE in insects. The effects of AChE inhibition are well documented but several studies 
suggest that dichlorvos is also able to cause DNA damage. The International Agency for 
Research on Cancer places dichlorvos in Group 2B (possibly carcinogenic to humans) based 
on what it considers to be sufficient evidence in animals, but inadequate evidence in 
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humans. The US Environmental Protection Agency classifies it in category 2B (possibly 
carcinogenic to humans) but the result of further testing is awaited and it may be 
reclassified. 
 
 
 
 
Figure 1.6 The chemical structure of Dichlorvos.  
 
After a paper by Sasaki et al. (2000) the committee on mutagenicity (COM) reviewed the 
mutagenic data on dichlorvos. Here it was agreed that in vitro dichlorvos is a weak 
methylating agent, in comparison to Methyl Methanesuphonate (Green et al., 1974 and 
Bridges et al., 1973). Dichlorvos is able to induce strand breaks in isolated DNA (Griffin et al 
1974) and methylate DNA (Lawely et al., 1974). Doherty et al. (1996) have also 
demonstrated that the incidence of micronuclei increases after exposure to dichlorvos in 
human lymphoblastoid cells.  In addition to the previously mentioned studies, a recent 
study by Patel et al. (2007) demonstrated that dichlorvos is cytotoxic (measured by the MTT 
assay) and can cause DNA damage in Chinese hamster ovary (CHO) cells at a concentration 
from 0.01 µM – 10µM (measured by the comet assay). These findings were also backed up 
by previous work by Yamano et al. (1996) where CHO cells showed signs of DNA strand 
breaks using the alkaline elution assay.  These findings were replicated in rat hepatocytes by 
the same group. These findings demonstrate that dichlorvos is genotoxic in vitro. 
 
 
In vivo the results are very similar to the findings in vitro; possibly due to dichlorvos not 
requiring any metabolic activation, although, as with chlorpyrifos there is some conflicting 
data. Kligerman et al. (1985) injected mice with 5, 15, 25, 35 mg/kg dichlorvos.  After 24 
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hours, the rate of SCE was measured in mouse peripheral blood lymphocytes. The group 
reported that there was not a significant increase in SCE above that of background levels 
during the study. Schop et al. (1989) exposed mice (topically exposed) to dichlorvos 
dissolved in dimethylsulfoxide (DMSO) and the genotoxicity was evaluated via the MN 
assay. The ability of DMSO to cause MN was assessed and found to be low. The paper 
concluded that dichlorvos was not able to cause MN.  Yamano et al. (1996) showed that 
DNA is damaged in isolated rat hepatocytes analysed by the alkaline comet assay. However 
this was only witnessed at very high doses of dichlorvos, where rats were dosed with 160 
mg/kg for 3 days and the DNA damage witnessed could be attributed to the depletion of 
glutathione by the detoxification of dichlorvos, as this may have drained glutathione 
reserves and leaving the liver susceptible to damage for example from ROS.  Dichlorvos was 
able to induce micronuclei in keratinocytes in mice following topical application to the skin 
(Tungul et al., 1991). The approach used in this study had not been full validated but 
appropriate controls had been used which suggested a site of contact mutagenic effect. 
Nehez et al. (1994) treated male Wistar rats for 6 weeks with 5 treatment days per week at 
doses of 1/100, 1/75, and 1/50 of the LD50. Following the final treatment, bone marrow cell 
chromosomes were prepared. The frequencies of cells revealing any aberrations as well as 
numeric and structural aberrations were evaluated. Dichlorvos demonstrated mutagenic 
effects following subchronic treatment of Wistar rats. 
 
 
 
 
1.5.3 Sarin  
 
Sarin was discovered in 1938 by German scientists attempting to develop more potent 
insecticides.  Chemically, sarin is an OP compound, consisting of a central phosphate atom 
with a double bonded oxygen, a fluorine group, a methyl group and an alkoxy moiety as a 
leaving group (Figure 1.7).   Due to the high acute toxicity of sarin, it was developed as a 
potential chemical warfare agent and has been used in both military conflict and acts of 
terrorism, most recently in the 1994 attack on the Japanese underground system (Abu-Qare 
et l., 2002). 
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Figure 1.7 A  schematic representation of sarin 
 
 
There is very little information on the potential genotoxicity of sarin in humans with only a 
few studies being conducted after the previously mentioned release of sarin in Japan. A few 
animal studies are available and have conflicting results as to the genotoxic potential of 
sarin. Goldman et al. (1987) reported that sarin is not genotoxic or mutagenic based on both 
in vivo and in vitro assays. Negative results were obtained in the Ames Salmonella bacterial 
gene mutation assay using five revertant strains (TA135, TA100, TA98, TA1537, and TA1538) 
and a range of concentrations of sarin. Sarin and cyclosarin did not induce a significant 
increase in forward mutations in mouse L5178Y lymphoma cells at concentrations ranging 
from 50 to 200 µg/ml. Increases in SCE did not appear in CHO cells exposed in vitro to 200 
µg/ml of sarin, nor did SCE in splenic lymphocytes significantly increase in mice receiving a 
maximally tolerated inter-peritoneal dose of 360 µg/kg of sarin (Klein et al 1987). Exposure 
of rat hepatocytes to sarin concentrations as high as 2.4 x 10-3 M decreased DNA repair 
synthesis. The authors conclude that sarin does not damage DNA directly but might inhibit 
DNA synthesis after endogenous DNA damage already had occurred (Klein et al., 1987; 
Opresko et al., 2001; Perrotta et al., 1996). In contrast to this Dave et al. (2007) determined 
levels of DNA fragmentation in blood leukocytes from guinea pigs following repeated low 
level exposure to sarin. Guinea pigs were injected subcutaneously once a day for 10 days 
with saline, or 0.1, 0.2, or 0.4 LD50 (50% mean lethal dose) sarin dissolved in sterile 
physiological saline. Blood and parietal cortex was collected after injection at 0, 3, and 17 
days and evaluated for DNA fragmentation. Repeated low-dose exposure to sarin produced 
a dose-dependent response in leukocytes at 0 and 3 days post-exposure. There was a 
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significant increase in all measures of DNA fragmentation at 0.2 and 0.4 LD50, but not at 0.1 
LD50. There was no significant increase in DNA fragmentation in any of the groups at 17 days 
post-exposure. All measures of DNA fragmentation in leukocytes returned to control levels 
by 17 days post-exposure, indicating a small and non-persistent increase in DNA 
fragmentation following repeated low-level exposure to sarin. Li et al. (2000, 2003) reports 
that there is a positive correlation between the frequency of SCEs and the inhibition of 
serum cholinesterase activity in exposed subjects from the Tokyo sarin disaster recorded 2-3 
months (Li et al,. 2000) and 3 years (Li et al., 2003) after the initial exposure. This report 
would suggest that an elevated frequency in SCE is related to sarin exposure. In addition to 
his report Bullman et al. (2005) have reported an increase in brain cancer death in veterans 
of the gulf war who were exposed to sarin during the March 1991 weapons demolitions at 
Khamisiyah Iraq.  The cause-specific mortality of 100487 exposed US Army Gulf War 
veterans was compared with that of 224980 unexposed US Army Gulf War veterans. 
Exposure was determined with the Department of Defence 2000 Plume model. Relative risk 
estimates were derived from Cox proportional hazards models. The risk of brain cancer 
death was larger among those exposed 2 or more days than those exposed 1 day when both 
were compared separately to all unexposed veterans. 
 
Although evidence exists demonstrating that dichlorvos, chlorpyrifos and sarin have 
genotoxic potential, there remains controversy within the literature, possibly due to 
different methods being used to assess the DNA damage.  In addition, some studies simply 
use one genotoxicity test and do not look for relevant downstream effects of any DNA 
damage caused.  This study aimed to investigate the ability of dichlorvos, chlorpyrifos and 
sarin to cause DNA damage using several genotoxic biomarkers, including the comet assay, 
the activation of DNA damage signalling pathways and cell cycle arrest.  The regulation of 
these pathways and their relevance to this project are described in the following sections. 
 
 
1.6. Types of DNA damage 
 
DNA can be damaged in numerous ways. Spontaneous damage due to replication errors, 
deamination, depurination and oxidation is compounded in the real world by the additional 
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effects of radiation and environmental chemicals. The number of ways that DNA molecules 
can be damaged is very large.  Examples of the types of DNA damage are shown in figure 
1.8. 
 
 
 
Figure 1.8  A representation of the different types of DNA damage that can occur after exposure to 
chemicals or radiation 
 
 
 
1.6.1 Simple adducts 
 
1.6.1.1 Oxidation   
 
Oxidative damage involves ROS damaging DNA and can produce a variety of lesions, 
including base adducts, single strand breaks (SSB) and double strand breaks (DSB) (Evans et 
al., 2004).  For example the most reactive ROS is the hydroxyl radical. The hydroxyl radical 
can cause the oxidation of DNA bases, the most common adduct formed is 8-
oxodeoxyguanosine (8-oxodG).  The hydroxyl radical is also able to react with adenine in a 
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similar manner to guanine but this type of lesion is far less prevalent in DNA damage than 8-
oxodG.   
If the 8-oxodG lesion is not repaired, it results in guanine no longer pairing with cytosine but 
instead pairs with adenosine during DNA replication. This is due to the fact that the oxidised 
guanine bases no longer have three hydrogens available for hydrogen binding in cytosine 
and can only form two bonds and therefore binds preferably to adenosine. This results in 
guanine to thymine transition mutations if not repaired.  
 
1.6.1.2. Alkylation  
 
Alkylation is the transfer of an alkyl group from one molecule to another, leading to a base 
adduct, with the simplest type of modification being methylation. Alkylation is accomplished 
by an alkyl electrophile, alkyl nucleophile or sometimes as alkyl radical. Undesired alkylation 
of DNA can lead to a possible mutation if unrepaired.  An alkyl radical such as a methyl 
radical has only three out of four valency electrons of carbon bonded to hydrogen. This 
leaves one free unpaired electron which is free to interact with nucleophile groups on DNA. 
For example, alkylation of the O6 on a guanine can completely alter its ability to bind with 
cytosine resulting in it being read as deoxy-Adenine and therefore binding to thymine 
(Drablos et al., 2004). This is due to the molecule’s ability to now only form two hydrogen 
bonds instead of three. 
 
1.6.1.3. Hydrolysis  
 
The hydroxyl radical is also able to remove hydrogen from the deoxyribose-phosphate 
backbone. This results in DNA cleavage between the deoxyribose sugar and DNA base, 
leading to depurination and depyrimidation to form an apurinic or apyrimidinic site or AP 
site. If left unrepaired AP sites can lead to mutation during semi conservative replication as 
a random nucleotide base will be inserted into the strand synthesised opposite them. 
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1.6.2 Mismatches of DNA 
 
Endogenous forms of DNA damage can occur through the mismatch of bases, due to errors 
in DNA replication, in which the wrong DNA base is stitched into place in a newly forming 
DNA strand, or a DNA base is skipped over or mistakenly inserted. Some genotoxins cause 
errors in DNA replication by inhibiting enzymes involved in the replication process. For 
example mismatch of bases, due to errors in DNA replication, in which the wrong DNA base 
is stitched into place in a newly forming DNA strand, or a DNA base is skipped over or 
mistakenly inserted. 
 
1.6.3. Cross linkages 
 
Bulky adducts can be produced by exposure to chemicals such as benzopyrene, leading to a 
large adduct on the N7 position of guanine.  DNA crosslinks can be caused by various 
chemical agents but also by exposure to ultra violet light (UV).  The main effect upon DNA is 
the formation of dimeric photoproducts between adjacent pyrimidine bases on the same 
DNA strand. These lesions are known as cyclobutane pyrimidine dimers (CPDs) (Ichashi et 
al., 2003).  The presence of large DNA adducts or DNA crosslinks can cause major problems 
to the cell, in particular such lesions can impede the progression of DNA polymerases during 
replication and also interfere with chromosome segregation during mitosis. 
 
 
1.6.4. Double strand breaks 
 
Left unrepaired, DSBs can lead to genetic recombination and can cause the breakdown of 
DNA replication, leading to programmed cell death or apoptosis to stop a possible mutation 
being passed on during replication of the DNA.  DSBs can be induced by ionizing radiation 
(IR) as well as various chemicals (in particular inhibitors of enzymes involved in DNA 
replication).  IR causes DSB’s through two mechanisms (Jackson et al., 2002). The first is a 
direct mechanism by which the radiation is able to directly cause the breakage of the 
phosphodiester backbone or through an indirect mechanism in which the ionizing radiation 
causes the production of free radicals thereby inducing oxidative stress in the cell. These 
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radicals can then react with the DNA and cause double strand breakage. DSBs can also be 
induced chemically by inhibitors of DNA polymerase and topoisomerase inhibitors such as 
etoposide. 
 
 
1.7 Cellular response to genotoxic stress 
 
Cells respond to genotoxic damage by initiating DNA damage signalling cascades and 
utilising specific DNA repair pathways to repair the DNA lesions.  Activation of these 
pathways can be investigated to provide further evidence that cells have been exposed to a 
DNA damaging agent.  In addition, by investigating specific components of these pathways it 
is possible to obtain information regarding the nature of the DNA damage being induced.  
DNA damage signalling is mediated by the ATM (ataxia telangiectasia mutated) and ATR 
(ataxia telangiectasia and Rad3 related) protein kinases).  These kinases respond to different 
forms of DNA damage, for example ATM is normally activated in the presence of DNA 
double strand breaks (DSBs) (Jeggo et al., 2006), whereas ATR is activated by various forms 
of DNA damage, including DNA adducts and crosslinks (Cuadrado et al., 2006).  Once 
activated, these kinases phosphorylate a wide range of target proteins, including the 
checkpoint kinases (Chk1 and Chk2), the tumour suppressor p53 and the histone variant 
H2AX (Paulsen et al., 2007).  These target proteins, along with many others, act to cause cell 
cycle arrest, regulate transcription, enhance the DNA repair capacity of cells or to direct 
cells to die via apoptosis if the damage encountered is too great (Jowsey et al., 2009) 
(figure1.9).  As well as mechanisms to arrest the cell cycle, thus preventing propagation of 
DNA damage, cells also possess a variety of DNA repair pathways that are able to respond to 
specific forms of DNA damage.  
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Figure 1.9 a schematic of cellular response to DNA damage via the ATM/ATR pathway 
 
1.8 Cell cycle arrest   
In response to DNA damage, a cell may arrest the cell cycle to allow for DNA repair. Damage 
response checkpoints have been identified at the G1/S and G2/M boundaries as well as 
during S phase and mitosis (Bartek et al., 2007). ATM and ATR are upstream activators of 
damage-inducible checkpoint arrest. The prevailing evidence suggests that in response to 
DNA damage, ATM phosphorylates p53 (either directly or via Chk2), which transcriptionally 
activates the Cdk2 inhibitor, p21, which serves to prevent progression from G1 into S phase 
(Ben-Yehoyada et al., 2007). P53 is an important tumour suppressor protein that regulates 
the cell cycle and progression to apoptosis. P53 can induce growth arrest at G1/S regulation 
point upon recognition of DNA damage allowing efficient repair. However if the damage is 
irreparable then p53 can initiate apoptosis. Entry into S phase requires the transcription 
factor E2F1 to be active. E2F1 is negatively regulated by binding of the tumour suppressor 
Retinoblastoma (Rb) protein. In cycling cells the interaction between E2F1 and Rb is 
prevented by the cdk2-mediated phosphorylation of Rb (Sherr et al., 1996). In the presence 
of DNA damage, p21 is induced which inhibits cdk2 resulting in reduced Rb phosphorylation 
(Knudsen et al., 1997). Rb is then able to bind and inhibit E2F1, preventing transcription of 
the genes required for progression into S-phase (figure 1.10).  
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Figure 1.10 A schematic of cellular response after DNA damage in prevention of entry to S phase 
 
 
The entry of eukaryotic cells into mitosis is regulated by cdc2 kinase activation, a process 
controlled at several steps including the binding of cyclin B to cdc2 and the subsequent 
phosphorylation of cdc2 at Thr161 (Atherton-Fessler et al., 1994). However, the critical 
regulatory step in activating cdc2 during progression into mitosis appears to be 
dephosphorylation of cdc2 at Tyr15. Phosphorylation at Tyr15, resulting in inhibition of 
cdc2, can be carried out by Wee1 and Myt1 protein kinases. The CDC25 phosphatases 
dephosphorylate Tyr15, resulting in the activation of cdc2 (figure 1.11) and progression into 
mitosis. After DNA damage, CDC25 phosphatases are phosphorylated by Chk1 and Chk2 
(Reindhart et al., 2009).  This results in inactivation of CDC25, increased phosphorylation of 
cdc2 on Tyr15 and reduced progression into mitosis. 
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Figure 1.11 A schematic of cellular response after DNA damage in prevention of entry to M phase 
 
1.9. DNA Repair pathways 
As DNA can be damaged in different ways the cell employs a different repair pathway 
dependent on the type of damage. A brief description of the types of DNA repair pathways 
in mammalian cells is described below. 
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1.9.1 Base excision repair 
The base excision repair (BER) pathway is involved in repairing simple DNA changes such as 
single strand breaks, and simple DNA adducts arising from oxidative and alkylating damage. 
BER is a multi stage process involving several proteins, outlined in figure 1.12.  Briefly, a DNA 
glycosylase is responsible for recognition and removal of the damaged base, leaving an 
abasic or apurinic/apyrimidinic (AP) site.  An AP endonuclease is then employed to nick the 
DNA backbone which causes a single strand break. This gap in the DNA is then filled by DNA 
polymerase B and ligated by DNA ligase I and III.  As well as the basic pathway outlined here, 
several other proteins have roles in BER (Allinson et al., 2004).  For example, the DNA repair 
enzyme poly(ADP-ribose) polymerase-1 (PARP-1) also plays a crucial role in BER, as part of a 
complex containing XRCC1 and DNA ligase III.  Cells lacking PARP-1 protein or activity are 
hypersensitive to chemicals that induce alkylation or oxidative damage to DNA (Bolton at al., 
1995; Bowman et al., 1999).  Two different versions of BER exist within human cells. These 
are termed long patch or short patch repair BER which involve different polymerases and 
ligases.   Various factors are thought to influence the decision of the cell as to which 
mechanism is employed; this includes the type of lesion being repaired in figure 1.12 
illustrates long patch BER. 
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Figure 1.12. Schematic representation of the base excision repair pathway Diagram taken from 
http://www.web-books.com/MoBio/Free/Ch7G.htm adapted from Nilsen et al. (2000). 
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1.9.2 Nucleotide excision repair 
The nucleotide excision repair (NER) pathway deals with larger and more bulky adducts and 
DNA crosslink. The NER pathway involves a number of proteins (around 30) and has been 
divided into 5 stages. The 1st involves recognition of the DNA lesion; 2nd single strand 
incision at both flanks of the lesion; 3rd excision of the single stranded nucleotides; 4th DNA 
repair synthesis replacing the now excised oligonucleotide; 5th ligation of the remaining 
single stranded nick (figure1.13). The whole process relies upon a family of proteins called 
XP proteins, which have been shown to be defective/mutated in the genetic condition 
Xeroderma Pigmentosum  (Friedberg et al., 2004), characterised by an extreme sensitivity to 
sunlight and a predisposition to cancers, particularly of the skin.  In addition, in vitro 
experiments have shown that cells isolated from individuals with XP are sensitive to UV 
radiation and have a defect in NER (Lehmann et al., 2003).  
 
Figure 1.13 Schematic representation of the nucleotide excision repair pathway. Diagram taken 
from Batty et al. (2000)  
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1.9.3 Non-homologous end joining 
 
Non-homologous end joining (NHEJ) is the major repair pathway for repairing DNA DSBs in 
human cells. NHEJ is a multi-stage process, mediated by the Ku70/80 and DNA dependant 
Protein kinase (DNA-PK) complex (figure 1.14).  A possible three stage mechanism has been 
proposed, consisting of end binding and bridging, terminal processing and ligation.    
 
 
   
Figure 1.14 Schematic representation of non homologous end joining. Diagram taken from 
http://asajj.roswellpark.org/huberman/DNA_Repair/dsbreak.html 
 
It has been suggested that the Ku protein is responsible for sensing the DNA damage due to 
its DNA binding ability (Burma et al., 2006). Upon sensing the damage, Ku binds the ends of 
the DNA and prepares the DNA by aligning the strands and protecting them from DNA 
degradation by nucleases. Ku is also responsible for recruiting the DNA-PK catalytic subunit, 
which phosphorylates XRCC4, leading to the recruitment of DNA ligase IV, allowing the DNA 
ends to be ligated.  The fact that the DNA ends are processed, possibly leading to the loss of 
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genetic information and then directly ligated means that NHEJ is an error prone form of 
DNA repair. 
 
1.9.4 Homologous Recombination 
 
This pathway is the minor repair pathway for DSB in humans.  Homologous recombination 
(HR) requires a homologous DNA sequence and therefore only occurs during late S and G2 
phases of the cell cycle. The repair of the breakage is dependent upon the retrieval of 
genetic information from a sister chromatid or another undamaged homologue. This makes 
HR free from error when in comparison with NHEJ as an identical template is employed to 
resynthesise the DNA.  In the initiation step of HR at the site of damage the double stranded 
DNA is exonucleolytically processed at both of the 5’ ends of the DSB by a specific nuclease 
to 3’ single stranded (ssDNA). One of the 3’ ssDNA tails will invade an intact undamaged 
sister chromatid and causes the formation of a D loop structure. DNA strand exchange 
occurs and causes a joint molecule connecting sites of undamaged and damaged DNA 
(Dudass et al., 2004).  DNA sequence information that is missing from the DSB is then 
resynthesised by DNA polymerase.  Both of the 3’ ends then act as primers for DNA 
synthesis using the intact duplex as a template. After ligation two holiday junctions (four 
stranded branched structures) are formed. In the last step of HR the holiday junctions are 
cleaved by the enzyme resolvase (figure 1.15). 
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Figure 1.15. Schematic representation of homologous recombination. Diagram adapted from Dudas 
et al. (2004). 
 
1.10 Cell death 
 
Apoptosis and necrosis are two distinct forms of cell death, with clearly distinguishing 
morphological and biochemical features. Recently autophagy with cell death has been 
accepted as an alternative route of cell death, with distinct morphological features from 
that of apoptosis and necrosis. 
 
1.10.1 Apoptosis 
 
Apoptosis is a programmed form of cell death, characterised by nuclear condensation and 
fragmentation, cleavage of chromosomal DNA into internucleosomal fragments and 
packaging of the deceased cell into apoptotic bodies without plasma membrane breakdown 
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(Kitazumi et al., 2010). Apoptotic bodies are recognized and removed by phagocytes and 
thus apoptosis is also notable for the absence of inflammation around the dying cell. This is 
in contrast to necrosis where the cell membrane does breakdown and cellular constituents 
are released and cause further damage to surrounding cells.  The morphologic features of 
apoptosis result from the activation of caspases (cysteine proteases) by either death 
receptor ligation or the release of apoptotic mediators from the mitochondria.  Cell death 
via apoptosis requires energy in the form of adenosine triphosphate (ATP) (Leist et al., 1997) 
whereas death by necrosis is not an active process and therefore does not require energy 
and often occurs due to the cell becoming depleted of ATP. Cells will be directed to 
apoptosis if genotoxic stress has become too extensive, this pathway being mediated by the 
mitochondrial release of cytochrome c in either a p53-dependent or p53-independent 
manner. P53 dependent apoptosis involves the transcriptional activation of proapoptotic 
genes including Bax, Bix, Puma, Noxa and Bad (Yu et al., 2002). The resultant proteins 
function by either inhibiting the activity of the pro-apoptotic protein bcl-2 or by forming 
pores in the outer mitochondrial membrane causing the release of cytochrome C. Cytosolic 
cytochrome c induces the formation of the multisubunit apoptosome composed of 
apoptotic protease activating factor-1 (Apaf-1) and caspase 9 (Colin et al., 2009).  Caspase 9 
activates caspase 3 which mediates the apoptotic cascade (figure 1.16).   
  
Apoptosis can also be activated in a p53 independent manner via the FAS receptor and FAS 
ligand Tumour necrosis factor (TNF-1), (Locksley et al., 2001). The receptor trimerizes and 
death adapter molecules are recruited on the cytoplasmic side of the membrane. Fas 
receptor recruits FADD (Fas-associated death domain protein) which in turn recruits the 
effector protein caspase-8. The activated caspase-8 can then cleave procaspase- 3 leading to 
apoptosis by caspase 3 activation. Caspase-8 also activates Bid, which translocates to 
mitochondria and leads to the release of cytochrome C. 
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Figure 1.16 a schematic of cellular response after DNA damage in activating caspase induced 
apoptosis 
 
This apoptotic cascade includes cleavage of a number of proteins including DNA repair 
enzymes such as PARP-1. Whilst being a very useful biomarker for apoptosis, PARP-1 
cleavage is also functionally important (Bouchard et al., 2003). Specifically the cleavage of 
DNA during apoptosis would lead to massive hyper-activation of the strand break sensing 
enzyme PARP-1, which would in turn lead to the depletion of the PARP-1 substrate 
nicotinamide adenine dinucleotide (NAD) and subsequent depletion of ATP (Ha et al., 1999). 
As the process of apoptosis requires ATP, this would lead to a switch to the more damaging 
necrotic form of cell death, which does not require ATP. Cleavage of PARP-1 and resultant 
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inactivation of the enzymatic activity prevents the cell switching from apoptotic to necrotic 
cell death and thus prevents damage to neighbouring cells and tissues (figure 1.17).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.17 a schematic of cellular response after DNA damage deciding the fate of PARP-1 
depending on the extent of DNA damage in the cell 
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1.10.2. Alternative modes of cell death 
 
1.10.2.1 Necrotic cell death 
 
Since various stimuli induce both apoptotic and necrotic death, the mode of cell demise 
seems to be dependent on intracellular factors. One of these factors is the concentration of 
ATP. As previously mention over-activation of PARP depletes ATP and leads to the 
disorganised necrotic form of cell death rather than the cellular suicide route of apoptosis. 
Necrosis occurs in cases of severe physicochemical injuries such as chemical hypoxia (Eguchi 
et al., 1997). Necrosis typically begins with cell swelling, chromatin digestion, and disruption 
of the plasma membrane and organelle membranes. This causes the plasma membrane to 
burst, which results in release of the cytoplasmic contents into the surrounding area, 
causing an inflammatory response.  
 
 
 1.10.2.2 Autophagy as a cell death mechanism 
 
More recent studies have said that autophagy is a non apoptotic form of programmed cell 
death. There is confliction in the literature and the general understanding now seems to be 
that autophagy is a pro survival mechanism that occurs alongside cell death (Levine et al., 
2005).  Autophagy is a cellular mechanism for degrading long lived proteins and organelles. 
During autophagy, cytoplasmic constituents including organelles are enveloped into a 
double membrane autophagosome; this then fuses with liposomes allowing for the 
degradation of the cellular contents. This function as well as being implicated in cell death is 
also involved in cellular turnover and stress responses (Rami et al., 2009). Autophagic cell 
death is characterised by large scale seizure of the cytoplasmic constituents in 
autophagosomes. It is not fully understood what factors determine whether autophagy is 
cytoprotective or cytotoxic. When autophagy is not regulated autophagy can result in cell 
death either by selectively destroying key cell survival proteins or as a result over self 
digestion (Kroemer et al., 2008). Autophagy can also provide a source of ATP for the energy 
dependent apoptosis.  In contrast with necrosis, both apoptotic and autophagic cell death 
are characterized by the lack of a tissue inflammatory response. 
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1.10.2.3 Parthanatos as a cell death mechanism 
 
 
In addition to the roles of PARP-1 in apoptosis and necrosis outlined above, PARP-1 has 
been recognized in the recently identified form of cell death, parthanatos. Over activation of 
PARP-1 and excessive production of poly ADP ribose units (PAR) plays a role in the release of 
Apoptosis inducing factor (AIF), Andrabi et al. (2008) AIF is found in the inner mitochondrial 
space and like cytochrome c can play a protective role when localised in the correct 
compartment of mitochondria. In dying cells, AIF relocates from the mitochondria to the 
nucleus where its DNA binding activity is thought to mediate chromatin condensation and 
large-scale DNA fragmentation (Susin et al., 1999).  PAR induced cell death (Parthantos) 
occurs due to rapid accumulation of PAR. This process shares many common features with 
necrosis and apoptosis but does not require ATP and is not mediated via caspases. PAR is 
key to initiating cell death by parthantos but is only one cog in multi protein dependent 
machinery leading to cell death. It is unclear how the precursor protein of AIF is cleaved by 
PAR molecules (Lorenzo et al., 2007).  
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1.11. Aims of project 
 
The principal aim of this project is to investigate the ability of nerve agents and 
organophosphate surrogate compounds to induce DNA damage and subsequently 
investigate the cellular mechanisms that are used to repair this damage. 
 
1) To assemble substantial evidence that OP compounds being studied does cause DNA 
damage in human cells.  
 
2) To investigate how the cell responds to this damage, in terms of the DNA damage 
signalling pathways activated by exposure to the OPs.  
 
3) To investigate the consequence of the activation of cell pathways, whether a cell will be 
directed to a slowing of the cell cycle allowing for repair and cell survival, or whether it is 
directed to apoptosis or cell death. 
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2.0 Materials and methods   
2.1 Cell culture 
All cells were grown at 37oC in a humidified atmosphere containing 5% CO2. 
2.1.1 A549 lung epithelial cells 
A549 cells are human alveolar basal epithelial carcinoma cells. They were grown in 
Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS), 100mM sodium pyruvate 10 U/ml penicillin/streptomycin and 2mM glutamine (all 
from Sigma). Cells were routinely cultured in T75 flasks (Corning) and maintained in the 
exponential growth phase by sub-culturing cells when approaching 75-80% confluence. Cells 
were split by removing media, rinsing cells in phosphate buffered saline (PBS, Sigma) and 
incubating with 2ml of warm 0.25% trypsin-EDTA (Sigma). When cells had detached from 
the plate the trypsin was neutralized with an equal volume of culture medium. Cells were 
re-seeded into fresh T75 flasks, at a split ratio of 1:4 - 1:10. When required for a specific 
experiment, cells were seeded at a known cell density in appropriate culture plates (see 
below). 
2.1.2 TK6 lymphoblastoid cells 
TK6 cells (ECACC) are a B-lymphocyte cell line, transformed with Epstein Barr Virus to allow 
prolonged propagation in culture.  The cells, which grow in suspension, were maintained in 
RPMI 1640 medium supplemented with 10% FBS and 10 U/ml Penicillin/Streptomycin (all 
from Sigma). TK6 cells were routinely grown in T75 flasks at a cell density of 1x105/ml - 
1x106/ml until required for specific experiments.  
2.1.3 Neuroblastoma SHSY-5Y cells 
SH-SY5Y is one of three serially isolated neuroblast clones (SH-SY, SH-SY5, and SH-SY5Y) of 
the human neuroblastoma cell line SK-N-SH which was established in 1970 from a 
metastatic bone tumour. SHSY-5Y cells were grown in Dulbecco’s Modified Eagles Medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 100mM sodium pyruvate 10 
U/ml penicillin/streptomycin and 2mM glutamine (all from Sigma). 
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Cells were routinely cultured in T75 flasks (Corning) and maintained in the exponential 
growth phase according to the A549 method described above. 
 
2.1.4 Preparation of isolated lymphocytes from human blood 
Blood (12ml) was collected and fresh lymphocytes prepared using the Lymphoprep™ kit 
(Axis-Shield, UK). Briefly, blood was collected into a tube containing an anticoagulant 
(EDTA).  The blood was diluted by addition of an equal volume of 0.9% NaCl.  6 ml of the 
diluted blood was carefully layered over 3 ml Lymphoprep™ in a 15ml falcon tube in 
duplicate.  The prepared samples were then centrifuged at 800 x g for 20 minutes at room 
temperature. The isolated lymphocytes were then carefully removed and placed in a T25 
flask with 10ml of TK6 media (15% serum) and left overnight at 37oC in a humidified 
atmosphere containing 5% CO2 before experimentation. 
 
2.2 Chemicals 
2.2.1 Dichlorvos  
The OP compound dichlorvos was obtained from Greyhound Chromatography and Allied 
Chemicals. The neat agent was at a concentration of 6.4M. Subsequent dilutions were 
prepared in dry acetone (acetone containing an excess of sodium bicarbonate) to prevent 
hydrolysis of the dichlorvos. Neat dichlorvos was handled in a fume hood with external 
exhaust and dilute solutions were handled in a class II microbiological/chemical safety 
cabinet.  Dichlorvos was inactivated by adding 10M NaOH to all waste prior to disposal. 
2.2.2 Chlorpyrifos and chlorpyrifos oxon 
The OP compounds chlorpyrifos and chlorpyrifos oxon was obtained from Sigma Aldrich. 
The agent was in powder form and was dissolved in DMSO to give a final concentration of 
100mM. The 100mM stock of chlorpyrifos or chlorpyrifos oxon was handled in a fume hood 
with external exhaust and dilute solutions were handled in a class II 
Methods 
42 
 
microbiological/chemical safety cabinet before application to cell lines. Chlorpyrifos and 
chlorpyrifos oxon were decontaminated in 10M NaOH prior to disposal. 
2.2.3 Sarin  
All studies with the nerve agent sarin were performed at the Defence Science and 
Technology Laboratories (DSTL, Porton Down). The nerve agent sarin was prepared from a 
35.7mM (5mg/ml) stock solution diluted in isopropanol (IPA) by a trained agent handler to 
give a final concentration of 1mM. This dilution was conducted in a class III 
microbiological/chemical safety cabinet. All subsequent dilutions (into isopropanol) and cell 
treatments were handled in a class II microbiological/chemical safety cabinet. Sarin was 
decontaminated in 50% ChlorosTM for 24 hours prior to disposal.  
2.2.4 Etoposide 
Etoposide is a chemotherapy agent whose mode of action is based on the induction of DNA 
damage and apoptosis, mediated by the inhibition of topoisomerase II and the generation of 
DNA strand breaks.  Etoposide was therefore used as a positive control for the analysis of 
DNA damage signalling events and apoptosis. Etoposide was obtained from Sigma-Aldrich in 
powder form and diluted in DMSO to give a concentration of 50mM.  The 50mM stock of 
etoposide was handled in a fume hood with external exhaust and dilute solutions were 
handled in a class II microbiological/chemical safety cabinet before application to cell lines. 
Waste etoposide was inactivated with 10% sodium hypochlorite prior to disposal. 
2.2.5 Hydrogen peroxide 
Hydrogen peroxide (Sigma-Aldrich) was used as a positive control for DNA damage. 
Hydrogen peroxide was in liquid from at a concentration of 9.8 Molar. This was diluted in a 
class II microbiological/chemical safety cabinet to the desired concentration using 
Phosphate Buffered Saline (PBS) immediately prior to experiments. Hydrogen peroxide was 
disposed of according to the same procedure as etoposide detailed above. 
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2.2.6  Solvent control 
Each chemical described above was diluted in a different solvent. Therefore care was taken 
to ensure that the same amount of each solvent was applied to each of the cell lines in 
every experiment. In all cases the amount of solvent was kept constant at 0.1%. 
 
2.3 Comet assay 
The Comet assay, also known as single cell gel electrophoresis (SCGE), is a micro gel 
electrophoresis technique which measures DNA damage in individual cells.  The principle of 
the comet assay is that single cells are embedded in a thin layer of agarose on a microscope 
slide.  By exposure to a high salt lysis buffer the cell is stripped of all cellular proteins and 
the remaining nucleoid DNA is denatured by incubating the microscope slides in alkaline 
buffer.  After the DNA is unwound, it is electrophoresed, with negatively charged DNA 
migrating towards the positive electrode.  The extent of migration is determined by the level 
of DNA damage, with DNA ends or fragments being able to migrate further from the 
nucleoid.  The cells are then stained with a fluorescent dye for analysis under a microscope. 
The comet assay can be modified to allow the measurement of a number of different types 
of DNA damage including double strand breaks, alkali labile sites, oxidative damage, and 
DNA crosslinks. 
The figure 2.1 shows a representative comet image. The user selects the cell to be analysed 
by clicking the centre of the comet head. The cell is analysed using suitable analysis 
software, for example comet assay IV (INSTEM). Various parameters can be measured, 
including the proportion of DNA in the head, the proportion of DNA in the Tail and the 
length of the tail.  
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Figure2.1 Analysis of a damaged cell by the comet assay, displays the difference between an intact cell and a 
damaged cell after a comet assay. In the bottom diagram the “head” and “tail” of a cell which has been 
processed by the comet assay is defined 
 
In this study a fluorescence microscope (Olympus CX41, 20x magnification) was used to view 
the prepared slides and Comet IV solution software (from Perceptive instruments 
distributed by INSTEM) was used to analyse the cells. A cell was selected by clicking on the 
“head” of a cell and the software derived a number of parameters including tail length and 
Olive tail moment (OTM) as indicators of DNA damage. OTM was derived from the product 
of the tail length and the fraction of total DNA in the tail. OTM was selected to  define DNA 
damage in this study as it incorporates a measure of both the smallest detectable size of 
migrating DNA (reflected in the comet tail length) and the number of relaxed / broken 
pieces (represented by the intensity of DNA in the tail).  A minimum of 50 cells were scored 
for each individual sample. 
2.3.1Method 
2.3.1.1 Treatment of SHSY5Y cells and isolation prior to comet assay 
SHSY-5Y cells were cultured on 6 well plates 48 hours prior to experiments. The cells were 
seeded at 2.5 x 105 cells and allowed to grow to approximately 50% confluence. Two hours 
before treatment with dichlorvos the medium was replaced with serum free growth 
Normal DNA Damaged DNA 
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medium. This was to prevent any dichlorvos binding to the FBS in the growth medium. 
Dichlorvos was added to the cells initially using low concentrations of 2.7nM and 2.7 μM for 
ten minutes. The study was expanded to include more concentrations (0.01, 0.1, 1, 10 and 
100μM) for 1 hour.  Control samples consisted of untreated cells and cells treated with 
acetone (0.1%).  Hydrogen peroxide (10µM) was used as a positive control.  The cells were 
incubated with the dichlorvos or solvent control for ten minutes or 1 hour before the media 
was removed and the cells washed with serum free media, removing all trace of the OP. To 
detach the SHSY-5Y cells 0.5ml of trypsin–EDTA was added to each well for thirty seconds. 
1.5ml of serum free media was added to inactivate the trypsin. The cell suspensions were 
then transferred to Eppendorf tubes, placed on ice and cell number was determined using a 
haemocytometer before undergoing processing by the comet assay. Samples were prepared 
in dim light conditions and kept on ice to avoid any unwanted DNA damage. 
2.3.1.2 Treatment of TK6 cells and isolation prior to comet assay 
TK6 cells were seeded in T25 flasks at a density of 2.x 105 cells/m l (total volume 5 ml). Cells 
were treated with either: dichlorvos (2, 20, 40, 60 and 100μM), chlorpyrifos (0.01, 0.1, 1, 10 
and 100μM), chlorpyrifos oxon (0.01, 0.1, 1, 10 and 100μM) or sarin (0.001, 0.01, 0.1 and 1 
μM). Samples were isolated at 1 and 24 hours by transferring to 15 ml falcon tubes and 
centrifuging at 1000 RPM for ten minutes. The media was then removed and cells were 
washed in ice cold PBS and transferred to Eppendorf tubes. Samples were prepared in dim 
light conditions and kept on ice to avoid any unwanted DNA damage. Control samples 
consisted of untreated cells and an appropriate vehicle control (either 0.1% acetone, 0.1% 
DMSO or 0.1% isopropanol). Hydrogen peroxide (10µM final concentration) was used as a 
positive control to induce DNA damage.  
2.3.1.3 Alkaline Comet assay 
A 2% solution of low melting point agarose (LMPA) was prepared in PBS (dissolved in water 
bath at 90oC or heated up in microwave). The agarose was then transferred to a water bath 
at 42oC and allowed to equilibrate to that temperature.  Cell suspensions in serum free 
media were prepared. 70µl of cell suspension (containing 10000 cells) were mixed with 70µl 
LMPA and added to a Trevigen comet slide.  Gels were spread evenly on the Comet Slide 
using the edge of a pipette tip and allowed to set by placing on an aluminium tray sat on a 
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bed of ice.  After 5 minutes, slides were submerged in chilled lysis buffer (2.5M NaCl, 
100mM EDTA and 10mM Tris, pH to 10). Immediately prior to use triton X-100 and DMSO 
were added to the lysis buffer at a final concentration of 1%. Slides were incubated for 1 
hour at 4oC before washing in cold PBS for 15 minutes. Slides were then placed in a 
horizontal electrophoresis tank filled with chilled alkali buffer (300mM NaOH, 2mM EDTA) 
for 30 minutes to allow unwinding of the DNA. After 30 minutes, electrophoresis was 
performed at a constant voltage of 22V and 500mA for 30 min. The slides were washed in 
cold neutralisation buffer (0.5M Tris pH 7.5) for 10 minutes followed by PBS for 15 minutes. 
DNA was then stained by adding 2ml of SYBR gold stain (diluted 1:10000 in 1xTE buffer) for 
5 minutes. Excess stain was removed and gels allowed to dry overnight in the dark.  
 
2.3.2 Comet assay with FPG enzyme 
Formamido-pyrimidine-DNA-Glycosylase (FPG) initiates the repair of oxidised bases by 
excising them and cutting the sugar phosphate backbone of the DNA molecule, creating a 
single strand break (SSB).  FPG can therefore be used in the comet assay for the specific 
detection of oxidative DNA damage.  The enzyme is added after the lysis step and any 
oxidative damage will be recognised by the FPG, resulting in the production of a single 
strand break and further DNA relaxation and migration during electrophoresis.  
2.3.2.1 Method 
SHSY-5Y cells were prepared on 6 well plates 48 hours prior to experiments.  Cells were 
seeded at 2.5 x 105 cells and allowed to grow to approximately 50% confluence. Two hours 
before treatment with dichlorvos the medium was replaced with serum free growth 
medium. This was to prevent any of the dichlorvos binding to the FBS in the growth 
medium. Initial experiments were carried out in order to optimise the assay and find the 
correct amount of enzyme needed for the experiment.  Hydrogen peroxide (10µM) treated 
cells were incubated with different concentrations of enzyme to establish the required 
concentration for analysis by the alkaline comet assay. The methodology was identical to 
the standard comet assay expect for the addition of the following step subsequent to cell 
lysis:  After lysis, the slides were washed with PBS and then treated with either 0.002 or 0.02 
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units of FPG enzyme (New England Biolabs). FPG enzyme is supplied in 400 units (8000 
U/ml) a unit is defined as the amount of enzyme required to cleave 1ñmol of a 34-mer 
oligonucleotide duplex containing a single 8-oxogunaine base paired with a cytosine in 1 
hour at 37oC in a total reaction volume of 10 µl. The enzyme was diluted 1µl in 4000 µl 
(0.002 units) and 10 µl in 4000 µl (0.02 units) 1ml of each dilution was added to each slide. 
The slides were then incubated at 37oC for 30 minutes in a humidified atmosphere prior to 
electrophoresis. It was found that 0.002 units was the amount of enzyme required for 
successful analysis.  The experiment was repeated as above only using 0.002 units of 
enzyme and including a dichlorvos treatment of 2.7 µM. 
2.3.3. Statistical analysis  
The data shown in the results section are representative of 3 independent experiments. 
Kruskal Wallis analysis was used on the comet assay data which was not normally 
distributed. Dunn’s post hoc test was used to compare concentration effects. The statistical 
relevance is indicated in a table next to the next to a figure of the mean OTM and of 
individual cell OTM values, levels of significance are as follows P value <0.05*, <0.01** 
<0.0001***. 
2.4 Immunofluorescence microscopy of H2AX  
Immunofluorescence is the detection of specific antigens using fluorescently labelled 
antibodies which can be visualised using fluorescence microscopy. Most commonly, 
immunofluorescence employs two sets of antibodies: a primary antibody is used against the 
antigen of interest; a subsequent, secondary, dye-coupled antibody is introduced that 
recognizes the primary antibody (known as indirect immunofluorescence).  
 
2.4.1 Method 
A549 cells were seeded at 1x104 per well on 8 well culture slides (BD Falcon) and allowed to 
adhere overnight. Cells were treated with dichlorvos for 4 h at 0.01, 0.1, 1, 10 or 100μM. 
Hydrogen peroxide (100μM) was used as a positive control. The medium was removed and 
cells were washed with cold PBS before they were fixed in 3.8% (v/v) formaldehyde for 5 
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minutes at room temperature. After two washes in ice cold PBS, cells were permeabilized 
with 0.2% Triton X-100 in PBS for 20 min at room temperature. After three washes in PBS, 
cells were incubated in blocking solution (PBS containing 5% goat serum and 0.2% Tween 
20) for 1 hour.  Cells were then incubated with primary antibody (anti-H2AX phospho-serine 
139, New England Biolabs at 1:1000 dilution) in blocking solution for a minimum of 1 hour. 
After three 5 minutes washes in PBS-T (PBS containing 0.2% Tween 20), cells were incubated 
with the secondary antibody Alexa Fluor 594-conjugated goat anti-rabbit IgG secondary 
antibody (Invitrogen) for 45 minutes. Slides were washed thoroughly in PBS-T for 1 hour  
with fresh PBS-T being replaced every ten minutes before mounting with hydromount 
medium (National Diagnostics). Slides were viewed using a Carl Zeiss AxioCam MRc5 
microscope. 
 
2.5 MTT toxicity assay 
The MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay is a 
cytotoxicity test that allows the measurement of cell viability/proliferation.  MTT is a yellow 
dye that is converted to formazone, an insoluble purple compound, by the activity of 
mitochondrial dehydrogenase. MTT is taken up into cells by endocytosis or a protein-
facilitated mechanism where it is reduced to yield a purple formazan product which is 
largely impermeable to cell membranes, thus resulting in its accumulation within living cells 
(Figure 2.2). Solubilization of the cells results in the liberation of the purple product which 
can be detected using a colorimetric measurement. The MTT assay provides an indication of 
mitochondrial integrity and activity within the cells and of cell proliferation. Cells 
proliferating in culture will show an increase in retained formazan whereas following 
cytotoxicity proliferation is reduced and cell death leads to a reduced cell number and 
reduced formazan retention. A percentage loss of formazan retention compared to control 
is indicative of reduced viability (Fotakis et al., 2006). 
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                                        MTT                                                                           Formazone 
Figure 2.2 Represents the cleavage of the tetrazolium ring of MTT to yield the purple formazone crystals by 
mitochondrial dehydrogenase. (Adapted from Fotakis et al 2005)  
 
2.5.1 Method 
The MTT assay was performed using the TOX-1 in vitro toxicology kit (Sigma).  A suspension 
of TK6 cells at a density of 2 x 105/ml ml was prepared. 1ml aliquots of this suspension were 
incubated with with either: dichlorvos (0.01, 0.1, 1, 10 and 100μM), chlorpyrifos (0.01, 0.1, 
1, 10 and 100μM), chlorpyrifos oxon (0.01, 0.1, 1, 10 and 100μM) or sarin (0.001, 0.01, 0.1 
and 1μM). Controls for the experiment were untreated cells and a vehicle control which 
contained the appropriate concentration of 0.1% acetone, DMSO 0.1% or 0.1% isopropanol.  
Hydrogen peroxide (10μM) was used as a positive control. Samples were analysed at 1 and 
24 hours. The cells were thoroughly resuspended by pipetting and 100µl of this suspension 
was added to a 96 well plate.  10μl of MTT dye (50μg/ml) was added to each well and cells 
incubated at 37oC with 5% CO2 for 2 hours. The cells were viewed under a microscope to 
observe if formazone had accumulated inside the cells. The cells were then lysed and the 
formazone crystals solubilized by adding 100µl of solubilization solution (10% triton X-100, 
0.1 N HCl in anhydrous isopropanol) followed by gentle pipetting.  The absorbance 
measured at wavelengths of 570nm and 690nm using a BIO-TEK synergy HT plate reader 
and KC4 software. The 690nm figure was subtracted from the figure at 570nm to give an 
absorbance reading giving an estimate of cell proliferation/viability. 
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2.5.2. Statistical analysis  
The data shown in the results section are representative of 3 independent experiments. The 
data is displayed as a mean of three repeats within one experiment.  A one way ANOVA test 
was performed on the MTT assay Tukey’s multiple comparison test was used to compare 
concentration effects. The statistical relevance is indicated in a table next to the figure 
showing the mean of the three repeats within the experiment, displayed as a percentage of 
control. Levels of significance are as follows P value <0.05*, <0.01** <0.001***. 
 
2.6 Western blotting 
A Western blot is a method to detect and quantify one protein in a complex mixture of 
proteins.  After lysis in appropriate buffer, cellular proteins are released. These proteins are 
denatured by adding a chemical such as lithium dodecyl sulfate (LDS), which coats proteins 
in a negatively charge causing them to unfold. Disulfide bonds need to be reduced and this 
is accomplished chemically using 2-mercaptoethanol. The samples are boiled at 95oC to 
ensure all proteins are disaggregated and fully denatured. This means that when proteins 
are subsequently separated using polyacrylamide gel electrophoresis, this separation is 
solely according to size and not influenced by secondary/tertiary structure of the proteins. 
In electrophoresis the negatively charged protein molecules migrate through a 
polyacrylamide gel, with the smaller molecules able to migrate faster than the larger 
proteins. The proteins are therefore separated according to size and can be mapped by 
using protein markers of a known molecular weight. The proteins are then transferred onto 
nitrocellulose membrane by electrophoresis. After the proteins have been transferred 
specific antibodies are used to detect the protein of interest. To produce a primary 
antibody, animals are immunized with a specific antigen (for example a purified protein or 
specific peptide sequence).  An immune response is initiated and specific antibodies can 
subsequently be purified from the blood of the animals.  Depending upon the source of the 
primary antibody (e.g. mouse, rabbit etc), membranes are then incubated with appropriate 
secondary antibody that recognizes a species-specific portion of the primary antibody.  The 
secondary antibody also contains a conjugated tag, commonly horseradish peroxidase 
(HRP).  The secondary antibody will bind to the primary antibody, and this antibody complex 
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can be visualized by adding chemiluminescent reagents to the membrane followed by 
exposure to x-ray film. Enhanced chemiluminescence (ECL) is described as one of the most 
sensitive methods for blotting analysis.  The light-emitting enzymatic reaction used in 
chemiluminescent detection is based on the oxidation of a luminol-based substrate by 
horseradish peroxidase. The oxidation of luminol causes light to be produced and this can 
be readily detected on photographic film. 
 
2.6.1 Method 
2.6.1.1 Treatment of suspension cells and preparation of cell extract 
5ml of TK6 cell suspension containing 4 x 105 cells/ml were treated with either dichlorvos 
(0.01, 0.1, 1, 10 and 100μM) or chlorpyrifos (0.01, 0.1, 1, 10 and 100μM) or chlorpyrifos 
oxon (0.01, 0.1, 1, 10 and 100μM) or Sarin (0.1 and 1 μM) and incubated for up to 24 hours.  
Etoposide (50μM) was used as a positive control and 0.1% acetone, 0.1%DMSO or 0.1% 
isopropanol were used as vehicle control depending on the organophosphate used. At the 
indicated time points (see results) the media was removed and the cells were centrifuged 
for 10 min at 4000 rpm, the medium removed and the cell pellet washed in cold PBS. This 
suspension was centrifuged again for 5 min at 4000 rpm. The PBS was removed and 100µl of 
cold lysis buffer (50mM TRIS pH 7.4, 0.27M sucrose, 1% Triton X-100) added. Immediately 
prior to use the lysis buffer was supplemented with 1% Halt protease and phosphatase 
inhibitors (Thermo Scientific).  The lysis buffer was previously used by the group at Dundee 
for immunoprecipitations (Munoz et al., 2007). They clearly showed the presence of nuclear 
proteins such as hPTIP and 53BP1 in cell extracts produced with this buffer indicating lysis of 
the nuclear membrane. 
  
2.6.1.2 Treatment of adherent cells and preparation of cell extract 
A549 cells were seeded at 2x105 in 6 well dishes and allowed to adhere overnight before 
treatment with dichlorvos (10 and 100μM) or chlorpyrifos (10 and 100μM) or chlorpyrifos 
oxon (10 and 100μM) for 24 hours and etoposide (5 or 50 μM). At 4 and 24 hours the media 
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was removed and the cells were washed with ice cold PBS. Cells were scraped using a sterile 
cell scraper into 0.5ml of ice cold PBS. This cell suspension was then transferred to 1.5ml 
Eppendorf and centrifuged at 500 rpm for 5 minutes. The cell pellet was then washed in ice 
cold PBS before 50μl of ice cold lysis buffer (50mM TRIS-HCl pH 7.4, 0.27M sucrose, 1% 
Triton X100, supplemented with 1% protease inhibitors and phosphatase inhibitors) was 
added. The cells were resuspended in the lysis buffer. Samples were then stored in a freezer 
at -80oC for future analysis.  
 
For sarin studies, A549 cells were seeded at 2x105 in T25 flasks 24 hours before dosing with 
Sarin (0.1 or 1 μM) or chlorpyrifos oxon (10 and 100μM) and incubated for up to 24 hours. 
Etoposide (5 or 50 μM) was used as a positive control. At 4 and 24 hours the media was 
removed and the cells were washed with ice cold PBS. 0.5mls of trypsin was added to each 
flasks or well and incubated at 37oC 5% CO2 for 5 minutes. The trypsin was in activated by 
adding 1.5 ml of medium. This cell suspension was then transferred to 15ml tubes and 
centrifuged at 400 RCM for 10 minutes.  The cell pellet was then washed in ice cold PBS 
before 50μl of ice cold lysis buffer (50mM TRIS-HCl pH 7.4, 0.27M sucrose, 1% Triton X100, 
supplemented with 1% protease inhibitors and phosphatase inhibitors) was added. The cells 
were resuspended and transferred to 1.5ml Eppendorf tubes. Samples were then stored in a 
freezer at -80oC for future analysis.  
 
2.6.2 Preparation of western blot and protein analysis  
When required the samples were thawed and resuspended on ice.  Samples were 
centrifuged in a pre-cooled centrifuge (4oC) for 5 min at 13000rpm to remove cell debris. 
The supernatant (containing all protein) was transferred to fresh 1.5ml Eppendorf tubes on 
ice. The protein concentration was determined by the Coomassie Protein Assay (Thermo 
Scientific). Briefly, 1 µl of the lysed sample was added to 19 µl of water to which 1 ml of 
Coomassie reagent was added. The amount of protein was then determined by reading in a 
spectrophotometer at 595nm using lysis buffer to zero the samples. Absorbance readings 
were then compared to a standard curve of known bovine serum albumin concentrations. 
Methods 
53 
 
Sample were then denatured by adding an equal volume of 2xLDS (lithium dodecyl sulphate, 
Invitrogen) containing 10% 2-mercaptoethanol. The samples were heated to 95oC for 5 
minutes and then frozen at -20oC. 
Prior to loading on gels, samples were thawed and again heated to 95oC for 5mins.  Equal 
amounts of protein (10-25µg) were separated on 4-12% bis-tris polyacrylamide gels 
(Invitrogen). Molecular weight protein markers (Seeblue plus2 pre-stained standard, 
Invitrogen) were loaded at 10μl at one end of the gel and 4μl at the other to allow for gel 
orientation after electrophoresis.  The gels were run at 120-200 volts until the dye front had 
reached the bottom of the gel.  Proteins were then transferred to nitrocellulose membrane 
(Hybond C Extra, GE Healthcare) either at 50V for two hours or 15V overnight.   
The membrane was immersed in Ponseau S (Sigma) solution to check the quality of transfer 
and protein separation. The membrane was rinsed with TBST (50mM TRIS pH 7.6, 150mM 
NaCl, 0.2% tween-20) to remove the Ponseau S solution and incubated in 50ml of blocking 
solution (5% milk powder in TBST) for a minimum of 1hr. Blocking is required to reduce the 
amount of non-specific antibody binding.  
The membrane was then probed using a primary antibody of interest; these include: Rabbit 
anti-cleaved PARP-1 (1:500), , rabbit anti-p53 Ser15 (1:1000), rabbit anti-Chk2 Thr68 
(1:1000) rabbit anti-cdc2 Tyr15 (1:1000),  rabbit anti-Rb Ser795 (1:1000), rabbit anti-Rb Ser 
807/811 (1:1000), rabbit full length human specific pro-caspase 9 (1:1000) were all from Cell 
Signalling Technologies.  In addition, mouse anti-p53 (DO7, Novocastra, 1:1000) and mouse 
anti-GAPDH (Abcam, 1:1000) and mouse anti C-2-10 PARP-1 (Biomol 1:1000). Primary 
antibodies were diluted in 5ml of blocking solution in 50ml Falcon tubes.  The membrane 
was incubated with the primary antibody for a minimum of 4 hours before washing in three 
washes of TBST, each for 5mins.  The membrane was incubated in appropriate HRP 
conjugated secondary antibody (1:5000 in blocking buffer) in a 50ml falcon tube for 1hour. 
The membranes were then thoroughly washed in TBST, with several changes of the buffer 
(at least 6) over the course of one hour. 
The membrane was visualized using chemiluminescence (ECL plus, GE Healthcare). After 
adding the ECL reagents the membranes were sealed within plastic sheets and images 
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captured by a Syngene G:Box gel documentation system.  Image analysis, including 
quantification of protein bands, was performed using Gene Tools software (Syngene). 
2.6.3. Statistical analysis 
The data shown in the results section is representative of 3 independent experiments. In 
some studies, samples were prepared in duplicate, quantified and data displayed as a mean 
± standard error. 
 
2.7 OP cytotoxicity in DNA repair-deficient cells   
Specific DNA repair pathways were inhibited in TK6 cells using enzyme inhibitors.  The 
cytotoxicity of dichlorvos was then investigated in DNA repair-proficient and -deficient cells 
using an MTS assay.  
2.7.1 Inhibition of DNA repair pathways 
DNA adducts such as methylated bases and those caused by oxidative damage to DNA are 
recognised and repaired by BER. This pathway utilises specific DNA glycosylases to detect 
DNA lesions before removing the damaged base. The DNA backbone is broken by an 
endonuclease to produce a single strand break, followed by DNA synthesis and ligation. The 
DNA repair enzyme PARP-1 plays a crucial role in BER, as part of a complex containing 
XRCC1 and DNA ligase III. The PARP-1 inhibitor NU1025 (Bowman et al 1998) was used to 
inhibit PARP-1 in TK6 cells. NU1025 was prepared at a stock concentration of 20mM in 
DMSO and added to cells at a final concentration of 200µM for 1 hr to allow for BER to 
become inhibited. Cells lacking PARP-1 protein or activity are hypersensitive to chemicals 
that induce alkylation or oxidative damage to DNA. 
Non-homologous end joining (NHEJ) is employed to repair DSB in human cells.  DSB’s are 
directly ligated together by the action of the ku70/80 and DNA-dependent protein kinase 
(DNA-PK) complex, this is necessary for the phosphorylation of XRCC4 and subsequent 
recruitment of DNA ligase IV, which is responsible for the ligation and repair of the DNA 
DSB. The protein kinase inhibitor NU7026 (Boulton et al 1999) inhibits the formation of the 
DNA-PK complex. NU7026 was prepared at a stock concentration of 10mM and added to 
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cell culture to give a final concentration of 100 µM for 1 hour to allow sufficient time for 
NHEJ to become inhibited.  Cells pre-treated with this inhibitor will not be able to form DNA-
PK complex and will be more sensitive to chemicals that can cause DSB to DNA.  
 
2.7.2 MTS assay 
MTS assay is a similar assay to the MTT assay and is a related tetrazolium salt. MTS or {3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl}-2H-tetrazolium, 
inner salt) is converted into soluble formazan by mitochondrial dehydrogenase of viable 
cells, thus serving as an indicator of cell viability. The MTS compound is reduced by cells into 
a colored formazan product that is soluble in tissue culture medium. The quantity of 
formazan product as measured by the amount of 490nm absorbance is directly proportional 
to the number of living cells in culture. Cell viability can be determined by reading the 
resulting solution at 490nm and subtracting the average 490nm absorbance from a “no-cell” 
control.  
 
2.7.3 Method 
When investigating the effect of poly(ADP-ribose) polymerase-1 (PARP-1) or protein kinase 
inhibition in TK6 cells, 2x106 cells (in a volume of 10ml) were incubated for one hour with 
either of the inhibitor’s or 1% DMSO as a solvent control before 1ml aliquots (containing 2 x 
105 cells) were used for dosing with dichlorvos.  The dichlorvos concentrations used were 
0.01, 0.1, 1, 10 and 100µM, cells exposed for 24 and 48 hours prior to evaluation of cell 
viability by the MTS assay. Controls used were untreated cells as a negative control and 
hydrogen peroxide at 10 µM or etoposide 50 µM as a positive control.  At 24 and 48 hours a 
100μl aliquot of each treatment was taken in triplicate on a 96 well plate and 10μl of MTS 
dye (50μg/ml) was added to each well and cells incubated at 37oC with 5% CO2 for 3 hours. 
The cells were viewed under a microscope to observe if formazan salt had accumulated 
inside the cells and then read at 490nM in a BIO-TEK plate synergy HT plate reader and KC4 
software to determine cell viability.  
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Chapter 3 
 
 
Cellular response to DNA 
damage and cytotoxicity after 
dichlorvos in vitro 
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3.0 Dichlorvos  
Organophosphates (OPs) are acetylcholinesterase inhibitors; although some studies have 
suggested that they are also able to damage DNA.  The cellular response to genotoxic stress 
is initiated by the activation of the ATM (ataxia-telangiectasia, mutated) and ATR (ATM and 
Rad-3 related) protein kinases. These kinases phosphorylate various target proteins 
including p53, the checkpoint kinases Chk1 and Chk2 and histone H2AX. These proteins 
along with many others, to cause cell cycle arrest, regulate transcription, enhance DNA 
repair capacity of cells, or to direct cells to apoptosis.  This study aimed to investigate the 
potential of dichlorvos (an oxon) to induce DNA damage using the alkaline comet assay.  In 
addition, as a further indicator of DNA damage, the activation of DNA damage signalling 
pathways, including the phosphorylation of p53, Chk2 and H2AX was also investigated. 
3.1 Cytotoxicity  
In order to relate any DNA damage observed to the cytotoxic potential of dichlorvos TK6 
cells were treated with dichlorvos and H2O2 for 1 or 24 hours and cell viability measured 
using an MTT assay. Figure 3.1 and Table 3.1, showed that dichlorvos shows no cytotoxic 
affect after 1 hour, but the effect with hydrogen peroxide was clear causing a 30% loss of 
cell viability.  As shown in Figure 3.2 and Table 3.2, dichlorvos was cytotoxic to TK6 cells at 
higher concentrations after 24 hours.  At 2-60µM, dichlorvos caused a 20% loss of cell 
viability over a 24 hour period, whereas 100µM caused a loss of 40 % viability.  
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Figure3.1 Cytotoxicity of dichlorvos in TK6 cells. Cells were exposed to 2, 20, 40, 60 and 100µM dichlorvos or 
H2O2 for 1hour before cell viability was measured using an MTT assay. Results were expressed as mean % 
viability relative to untreated control (untreated cells designated 100% viability) ± standard deviation 
 
 Table3.1. Cytotoxicity in TK6 cells after treatment with dichlorvos (2, 20, 40, 60 and 100µM) for 1 hour. 
Cytotoxicity was measured as a percentage of control. (P value * <0.05 **P value <0.01 ***P value <0.001 one 
way ANOVA)   
 
 
Figure3.2 Cytotoxicity of dichlorvos in TK6 cells. Cells were exposed to 2, 20, 40, 60 and 100µM dichlorvos or 
H2O2 for 24 hours before cell viability was measured using an MTT assay. Results were expressed as mean % 
viability relative to untreated control (untreated cells designated 100% viability) ± standard deviation 
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Table 3.2. Cytotoxicity in TK6 cells after treatment with dichlorvos (2, 20, 40, 60 and 100µM) for 24hours. 
Cytotoxicity was measured as a percentage of control (P value * <0.05 **P value <0.01 ***P value <0.001 one 
way ANOVA)   
 
3.2 DNA Damage 
3.2.1 Comet assay 
DNA damage was measured by the alkaline comet assay in both SHSY-5Y neuroblastoma 
cells and TK6 lymphoblastoid cell lines. To test whether dichlorvos was able to cause DNA 
damage, SH-SY5Y cells were exposed to different doses of dichlorvos and DNA damage was 
estimated by the alkaline comet assay. In the initial study, SHSY-5Y cells were exposed to 2.7 
nM and 2.7 µM as it had previously been established by Atherton et al. (2006) that 2.7nM 
caused complete inhibition of AChE in SHSY-5y cells. DNA damage was increased at both 
2.7nM and 2.7µM when compared with untreated cells (Figure 3.3 and Table 3.3). 
 
 
 
 
 
 
 
 Untreated Acetone 2µM 20µM 40µM 60µM 100µM H2O2 10 µM 
Cytotoxicity (% viability) 100.00 93.71 82.61 80.23 82.55 78.75 63.23*** 0.51*** 
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Figure 3.3.  DNA damage in SH-SY5Y cells after Dichlorvos (2.7nM and 2.7µM). The exposure time for the 
experiment was ten minutes. The upper graph shows the mean olive tail moment of 50 cells± S.E. Positive 
control hydrogen peroxide 10μM (value 17.8 OTM) has been excluded from the upper graph. Acetone was 
used as a vehicle control. The lower graph shows the distribution of damage between the 50 cells scored. 
 
Table3.3 DNA damage in SHSY5Y cells by dichlorvos (2.7nM and 2.7μM) and for ten minutes. DNA damage 
was measured as OTM (P value * <0.05 **P value  <0.01 ***P value  <0.001 Kruskal-Wallis) 
 
Figure 3.3 and Table 3.3 demonstrates that dichlorvos was able to rapidly damage DNA in a 
short exposure time of just ten minutes. The damage is slightly higher with the 2.7nM than 
2.7µM. This is due to approximately 6 cells displaying a much higher than expected OTM 
value. The 2.7µM has one outlandish figure but the majority of cells have an OTM of 2. The 
untreated and acetone treated SHSY5Y cells have a figure of around 1 OTM. This value was 
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higher than expected with Collins et al. (1997) describing OTM of less than 1 to be 
undamaged.     
The study described in figure 3.3 shows that dichlorvos was able to cause DNA damage after 
a short exposure time. The study was expanded to include a wider range of dichlorvos doses 
(0.01, 0.1, 1, 10, 100µM) and a longer time point of one hour (Figure 3.4 and Table 3.4). The 
values represented are OTM (arbitrary units). At all concentrations an increase in DNA 
damage in comparison with control (untreated sample) was observed with an increase in 
dose. 100µM caused the largest increase in DNA damage giving a mean OTM value of 4.04 
when compared to 0.59 of untreated cells. The distribution of damage in SHSY5Y is 
interesting as the majority of cells have a low OTM value, with a minority of cells showing 
high OTM value. This trend is seen at all concentration’s, after 0.01µM 10% of cells have an 
OTM greater than 5 and this increases with dose to approximately 30% of cells displaying an 
OTM greater than 5 after 100µM dichlorvos. 
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Figure 3.4.  DNA damage in SH-SY5Y cells after Dichlorvos (0.01-100µM). The exposure time for the 
experiment was 1 hour. The upper graph shows the mean olive tail moment of 50 cells ± S.E. Positive control 
hydrogen peroxide 10μM (value 30.5 OTM) and has been excluded from the upper graph. Acetone was used as 
a vehicle control. The lower graph shows the distribution of damage between the 50 cells scored. 
 
Table 3.4. DNA damage in SHSY5Y cells by dichlorvos (0.01, 0.1, 1, 10, 100 µM) for 1 hour. DNA damage was 
measured as Olive Tail Moment (OTM) (P value *  <0.05 **P value  <0.01 ***P value  <0.001 Kruskal-Wallis) 
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To corroborate the findings in SH-SY5Y cells, experiments were repeated in a different cell 
line, this being TK6 lymphoblastoid cells. TK6 cells were exposed to a range of dichlorvos 
concentrations over 24 hours. An increase in dose caused an increase in OTM at both 1 and 
24 hours (Figures 3.5 and 3.6; Tables 3.5 and 3.6), though the levels of DNA damage were 
greater at 24 hours. The largest difference in damage was observed between acetone 
treated cells and the 100µM with the OTM increasing from 0.34 to 6.72.  It is also worth 
noting the distribution of DNA damage after exposure to dichlorvos for one hour, almost all 
cells have an OTM value less than 5 with the majority of cells displaying low level DNA 
damage (<2 OTM). After 24 hours the majority of the cells have a similar value between 2-3 
OTM with a few cells that displayed high OTM values >5.   
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Figure 3.5.  DNA damage in TK6 cells after Dichlorvos. TK6 cells were exposed to the indicated doses of 
dichlorvos or hydrogen peroxide for 1 hour prior to measurement of DNA damage using the alkaline comet 
assay.  The upper graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM (value 
19.8 OTM) has been excluded from the upper graph. The lower graph shows the distribution of damage 
between the 50 cells scored. 
 
Table 3.5. DNA damage in TK6 cells by Dichlorvos (2, 20, 40, 60 and 100µM) for 1 hours. DNA damage was 
measured as Olive Tail Moment (OTM) (P value *  <0.05 **P value <0.01 ***P value  <0.001  Kruskal-Wallis) 
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Figure 3.6.  DNA damage in TK6 cells after Dichlorvos. TK6 cells were exposed to the indicated doses of 
dichlorvos or hydrogen peroxide for 24 hours prior to measurement of DNA damage using the alkaline comet 
assay The upper graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM (value 
21.8 OTM) has been excluded from the upper graph. The lower graph shows the distribution of damage 
between the 50 cells scored. 
 
 
Table 3.6. DNA damage in TK6 cells by dichlorvos (2, 20, 40, 60 and 100µM) for 24 hours. DNA damage was 
measured Olive Tail Moment (OTM) ) (P value * <0.05 **P value <0.01 ***P value  <0.001  Kruskal-Wallis) 
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After 24 hours the level of DNA damage is greater than after 1 hour.  This may be due to 
dichlorvos causing more damage over time though it could also be due to the cytotoxic 
potential of dichlorvos. The alkaline comet assay does not have the ability to demonstrate 
the type of DNA damage occurring within the cell. Therefore it is possible that the increase 
in OTM after 24 hours is not entirely due to dichlorvos directly damaging the DNA. 
Dichlorvos has been proven to be cytotoxic to cells in culture, after exposure for 24 hours 
some apoptotic or necrotic stress pathways may have been triggered and one indication of 
these pathways is DNA degradation. This degradation of DNA would be included in the 
analysis by the comet assay.  However DNA damage is still seen at non-cytotoxic doses, 
suggesting that dichlorvos is able to induce DNA damage independent of cytotoxicity. 
 
In order to see if similar concentrations of dichlorvos would cause similar levels of DNA 
damage in a primary cell line, a preliminary study was conducted using freshly isolated 
lymphocytes; lymphocytes were isolated from blood and placed in TK6 medium for 24 hours 
prior to experimentation.  These lymphocytes were used to assess DNA damage by the 
alkaline comet assay after dichlorvos (0.01, 0.1, 1, 10, 100 µM) for 1 hour (Figure 3.7 and 
Table 3.7).  
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The distiribution of DNA damage in 50 lymphocytes after dichlorvos 1 hour exposure
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Figure 3.7.  DNA damage in primary lymphocyte cells after Dichlorvos. Lymphocytes were exposed to the 
indicated doses of dichlorvos or hydrogen peroxide for 1hour prior to measurement of DNA damage using the 
alkaline comet assay. The upper graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 
10μM (value 3.8 OTM) has been excluded from the upper graph. The lower graph shows the distribution of 
damage between the 50 cells scored. 
 
 
Table3.7 DNA damage in lymphocytes by dichlorvos (0.01, 0.1, 1, 10, 100 µM) for 1 hour. DNA damage was 
measured as OTM (P value *  <0.05 **P value <0.01 ***P value <0.001 Kruskal-Wallis) 
 Untreated Acetone 0.01µM 0.1µM 1µM 10µM 100µM 
DNA damage (OTM) 0.30 0.13 0.88** 1.20 1.35*** 2.38* 2.67*** 
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Dichlorvos was able to cause DNA damage in freshly isolated lymphocytes in a dose 
dependent manner. The damage seen after 1 hour with dichlorvos in isolated lymphocytes 
is similar to that seen in the established cell line TK6 cells. The greatest damage caused was 
with 100µM in both cell types but in isolated lymphocytes the mean damage for 50 cells was 
2.67 and in TK6 cells 2.31. These values are less than those obtained in SHSY-5Y cells where 
100µM gave an average OTM of 4.04, this may be due to the shape of the neuroblastoma 
cell as it is an uneven shape and can be difficult to analyse using the comet assay. This result 
suggests that the alkaline comet assay may be a useful genotoxic biomarker to monitor DNA 
damage in individuals exposed to dichlorvos. This experiment is preliminary but it is useful 
as the cell lines respond in a similar manner with regards to DNA damage after dichlorvos. 
When comparing the distribution of DNA damage in Lymphocytes with TK6 cells after 1 
hour, lymphocytes at all concentrations of dichlorvos showed a higher proportion of cells 
displaying OTM greater than 5.   
 
3.2.2. Comet assay with lesion specific endonucleases 
 
The comet assay can be modified to include purified DNA repair enzymes that detect 
specific DNA lesions. The standard alkaline method gives limited information on the type of 
DNA damage being measured as it is not possible to determine whether these are a 
consequence of direct effects of the damaging agent, or of indirect effects, such as oxidative 
damage, apurinic/pyrimidinic (AP) sites or DNA repair intermediates. The sensitivity and 
specificity of the assay can be improved by incubating the lysed cells with lesion-specific 
endonucleases, which recognize particular damaged bases and create additional breaks 
which can then be analysed by the alkaline comet assay. Information about oxidative DNA 
damage and its repair can be obtained by including Formamidopyrimidine glycosylase (FPG). 
FPG recognises and repairs the damaged bases including the mutagenic 8-
oxodeoxyguanosine (8-oxodG), 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG), 4,6-
diamino-5-formamidopyrimidine (FapyA), and 8-oxo-7,8-dihydroadenine (8-oxoA) (Perlow-
Poehnelt et al., 2004).   
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Figure 3.8  DNA damage in SY5Y cells after hydrogen peroxide (10µM) treatment with and without FPG 
enzyme for ten minutes. The buffer by itself was included to establish that this did not cause any increase in 
DNA damage and then two concentrations of enzyme were chosen 0.002 units and 0.02 units. Olive Tail 
Moment (OTM). Values are the mean of 50 cells ± standard error. 
 
A preliminary study was conducted using alkaline comet assay with FPG to assess whether 
oxidative damage occurred after exposure to dichlorvos. Initial studies were performed to 
test the appropriate amount of enzyme required. Untreated and hydrogen peroxide treated 
samples, in the presence, and absence of FPG, were compared.  SH-SY5Y cells were exposed 
to hydrogen peroxide (10µM) for two minutes and then processed as in materials and 
methods. The results can be seen in figure 3.8. The result at 0.002 units provided the 
greatest increase in OTM with an increase from 2.94 to 44.05. Increasing the amount of 
enzyme to 0.02 units actually led to a smaller increase in OTM, possibly due to the fact that 
many cells were rendered unreadable as the tails were so large that they overlapped with 
each other. For this reason 0.002 units of enzyme was used in subsequent studies. 
To analyse whether the type of DNA damage caused by dichlorvos was oxidative in nature, 
SH-SY5Y cells were treated with dichlorvos and the DNA damage was measured by the 
modified comet assay (Figure 3.9 and Table 3.8).  
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The distiribution of damage analysed by the comet assay in 50 SHSY-5Y cells after
dichlorvos   FPG
Acetone Acetone + FPG DCV 2.7µM DCV 2.7µM + FPG
0
10
20
30
40
50
60
70
80
90
100
110
120
130
140
150
D
N
A
 d
am
ag
e 
O
TM
 
Figure 3.9 DNA damage in SH-SY5Y cells after 2.7µM dichlorvos ± FPG for 10 minutes. DNA damage was 
measured as Olive Tail Moment (OTM). Positive control hydrogen peroxide 10μM (value 41.5 OTM) has been 
excluded from the upper graph, values are mean of 50 cells ± S.E. The lower graph shows the distribution of 
damage between the 50 cells scored. 
  
 
 
 
Table 3.8. DNA damage in SHSY-5Y cells by DCV (Acetone, Acetone +FPG, 2.7µM DCV and 2.7µM DCV +FPG) 
for 10 minutes. DNA damage was measured as Olive Tail Moment (OTM) (P value <0.001***  Kruskal-Wallis).  
 
 Acetone Acetone + FPG 2.7µM 2.7µM + FPG 
DNA damage (OTM) 2.65 7.37*** 13.53 17.58
ns
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The change in OTM with and without FPG was then compared to give an estimate of 
oxidative DNA damage present. As in Figure 3.3, dichlorvos at 2.7µM caused an increase in 
DNA damage (Figure3.9).  The OTM values for this experiment are much higher than 
previously recorded. It is possible that this was due to the processing step but is unlikely. 
The acetone treated samples had a much higher OTM than previously recorded and this 
suggests that the cells were not in optimum condition for experimentation.  There was an 
increase in OTM between acetone treated cells and acetone + FPG and is statistically 
significant (p value<0.001). There was an increase in OTM between dichlorvos treated cells 
and dichlorvos +FPG treated sample, though this is not statistically significant.  This 
preliminary study should be repeated including an alternative oxidative damage-specific 
enzyme. 
 
3.2.3 H2AX immunofluorescence 
As a further marker for DNA damage, the phosphorylation of histone H2AX was 
investigated.  In response to DNA DSBs, induced by Ionising radiation, histone H2AX is 
rapidly phosphorylated to form discreet nuclear spots or foci, termed -H2AX.  Several 
studies have also demonstrated phosphorylation of this protein after other forms of DNA 
damage, including ultra violet radiation and alkylating agents (Heacock et al., 2010), 
although nuclear foci do not always form (Kinner et al., 2008).  A549 Cells were grown on 8 
well culture slides and treated with dichlorvos for 4 hours at 0.1, 1, 10, 100 µM and 
hydrogen peroxide 100 µM was used as a positive control. 
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Figure 3.10.  Immunofluorescent detection of -H2AX in A549 cells exposed to dichlorvos.   
 
Studies with DCV showed clear phosphorylation of H2AX (Figure 3.10), which appeared to 
form foci, when viewed at a higher magnification (Figure 3.11). From the above images it is 
clear that dichlorvos caused the phosphorylation of H2AX at all concentrations after 3 hours 
incubation. The images show that dichlorvos did not phosphorylate H2AX in every cell and 
some showed no sign at all of phosphorylation of H2AX. This data is in agreement with the 
DNA damage, seen with the comet, in that some cells displayed a greater degree of damage 
than other cells. With hydrogen peroxide 100µM it is clear that most cells show clear 
phosphorylation and the fluorescence is far brighter and intense than that seen with 
dichlorvos, suggesting that the damage seen with hydrogen peroxide is far greater than with 
dichlorvos. This also supports the results seen with the comet assay.  The formation of -
H2AX is putatively a marker for DNA DSBs although further experiments will be required to 
confirm the nature of the DNA damage after dichlorvos.  This data, together with the comet 
assay data provide strong evidence that dichlorvos is able to induce DNA damage in vitro. 
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Figure 3.11.  High magnification immunofluorescent detection of -H2AX in A549 cells exposed to dichlorvos.   
 
3.3 Response to DNA damage  
3.3.1 p53 response 
If dichlorvos is damaging DNA, then DNA damage signalling pathways should also be 
activated, this would result in p53 induction and cell cycle arrest or apoptosis if repair does 
not occur.  In order to establish whether dichlorvos caused the initiation of DNA signalling 
cascades or apoptosis, cells were treated with a range of dichlorvos concentrations prior to 
western blot analysis.  Samples were analysed for the expression of p53, phosphorylated 
p53 (Ser15), phosphorylated chk2 (Thr68), PARP-1 or the cleaved PARP-1 fragment as a 
marker of apoptosis. Etoposide is a chemotherapy agent whose specific action is based on 
the induction of DNA damage and apoptosis, mediated by the inhibition of topoisomerase II 
and the generation of DNA strand breaks.  Etoposide was therefore used as a positive 
control for the induction of DNA damage signalling events and apoptosis 
 
The initial study conducted was a dose range study at 24 hours. Figure 3.12 shows that 
PARP-1 is cleaved after 100µM DCV and 50µM etoposide, consistent with apoptotic cell 
death.  A background level of p53 can be seen in the untreated and acetone treated cells 
Untreated 100M dichlorvos
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with a high increase in levels of p53 occurring with 50µM etoposide and a slight increase of 
p53 occurring with dichlorvos treated cells. GAPDH was used as a loading control. 
 
Figure 3.12. Western blot of TK6 cells after 24 hours exposed to Dichlorvos.  Cells were exposed to the 
indicated concentrations of dichlorvos for 24 hours prior to western blot analysis.  Etoposide was used as a 
positive control for the activation of DNA damage signalling/apoptotic pathways 
 
A small increase of p53 protein levels was seen after 24 hours with 100µM dichlorvos.  This 
dose was used for a time course experiment.  Figure 3.13 shows that the maximal levels of 
p53 were observed at 2 and 4 hours, although, there was no increase in the phosphorylated 
p53 after dichlorvos, as seen with etoposide (A 24 hour exposure with etoposide was used 
as a control) 
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Figure 3.13. Western blot of TK6 cells after exposure to Dichlorvos.  Cells were exposed to 100M dichlorvos 
for the indicated times prior to western blot analysis.  Etoposide (24hours) was used as a positive control for 
the activation of DNA damage signalling/apoptotic pathways. 
 
In order to understand the kinetics of the cell signalling events after treatment with 100µM 
dichlorvos, a time course experiment was repeated, comparing treatment with dichlorvos 
(100µM) to that of treatment with Etoposide (50µM). Figure 3.14 depicts that Etoposide 
caused an increase in protein levels of p53 over the 24 hours, whereas dichlorvos displayed 
a maximum increase in levels of p53 after 4 hours. After dichlorvos, p53 levels were 
increased without phosphorylation of ser15, whereas etoposide caused both an increase of 
p53 and p53 Ser15. 
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Figure 3.14. Western blot of TK6 cells after Dichlorvos or etoposide.  Cells were exposed to 100M dichlorvos 
or 50M Etoposide for the indicated times prior to western blot analysis.   
 
The protein expression in figure 3.14 was quantified using Syngene GeneTools software. The 
values obtained for p53, p53 Ser15induction and cleaved PARP-1 were normalised against 
GAPDH.  From figure 3.15 it is clear that the highest increase of p53 occurred after 4 hours 
causing approximately a 4 fold increase. Etoposide causes maximum induction at 24 hours 
causing a 4 fold increase in p53 expression. However this result is misleading as in figure 
3.11 the p53 result is much stronger for etoposide than with dichlorvos.  Dichlorvos and 
etoposide are being compared to their respective controls; acetone for dichlorvos, DMSO 
for etoposide. The p53 levels in DMSO-treated cells are markedly higher than the acetone 
treated cells, which obviously influences the fold change in Figure 3.15.  Dichlorvos did not 
produce a marked increase in p53-Ser15, however maximal levels of this protein did occur 
after 4 hours, but this is not appreciably higher than the control sample. There was a clear 
increase of p53-Ser15 with etoposide with maximal levels occurring at 4 hours with a 12 fold 
increase. This increase in protein levels of p53-Ser15 is present over 24 hours with 
etoposide. A small amount of cleaved PARP-1 is present after 24 hours dichlorvos with a 0.5 
fold increase compared to the acetone treated sample. Etoposide caused a much more 
considerable increase of 7 fold after 24 hours. No noteworthy increase of the cleaved PARP-
1 fragment was seen with either treatment after 2 or 4 hours.  
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Figure 3.15. A graph of the change in expression of cleaved PARP-1, p53 and p53 ser 15 in TK6 cells after 
dichlorvos or etoposide over 24hours. Cells were exposed to 100M dichlorvos or 50M Etoposide for the 
indicated times prior to western blot analysis. 
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The time course indicated that after 4 hours incubation with dichlorvos caused maximal 
increase in p53 protein levels. Figure 3.16 shows a dose range experiment conducted at 4 
hours. The analysis was expanded to include duplicates of samples to allow for accurate 
quantification of the western blot. At 4 hours there is no cleavage of PARP after any 
treatment besides a very faint band with etoposide but this is not clear.  There is a clear 
increase with 100µM dichlorvos and after 50µM etoposide of p53. There is a slight increase 
of p53 with 1 and 10µM dichlorvos and this is consistent with the lower levels of DNA 
damage caused at these concentrations (as suggested by the comet assay and H2AX 
immunofluorescence data). No clear increase in phosphorylation of p53 is seen except with 
etoposide. 
 
Figure 3.16. Western blot of TK6 cells after 4 hours Dichlorvos.  Cells were exposed to the indicated 
concentrations of dichlorvos for 4h prior to western blot analysis.  Etoposide was used as a positive control for 
the activation of DNA damage signalling/apoptotic pathways. 
Figure 3.17 shows a dose range experiment conducted at 24 hours the analysis has also 
been expanded to include duplicates of samples to allow for accurate quantification. After 
24 hours there are clear bands of the cleaved PARP-1 fragment after 100µM dichlorvos and 
after 50µM etoposide.  There is a clear increase with 50µM etoposide of p53. There is a 
slight increase of p53 after 100µM dichlorvos. No clear increase in phosphorylation of p53 is 
seen except with etoposide. 
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Figure 3.17 Western blot of TK6 cells after 24hours exposed to Dichlorvos.  Cells were exposed to the 
indicated concentrations of dichlorvos for 24hours prior to western blot analysis.  Etoposide was used as a 
positive control for the activation of DNA damage signalling/apoptotic pathways 
 
The western blots in figures 3.16 and 3.17 were quantified using Syngene Gene tools 
software. The values obtained for PARP-1 cleavage and the increases in p53 and p53-Ser15 
protein levels were then normalised against GAPDH. Each sample was completed in 
duplicate and the results are displayed as a mean, ± standard error. In figure 3.18 it is clear 
that PARP-1 cleavage only occurred after 100µM dichlorvos and 50µM etoposide after 24 
hours. Dichlorvos causes only a small 2 fold increase in p53 induction at 4 hours and then at 
24 hours decreases almost to background levels. Etoposide shows a clear increase of p53 at 
both 4 and 24 hours with a 7 fold increase of p53 expression.  Treatment with dichlorvos did 
not cause a significant phosphorylation of p53-Ser15 however there was clear 
phosphorylation after treatment with etoposide. This confirms the previous cell signalling 
data with dichlorvos.   
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Figure 3.18. A graph of the change in expression of cleaved PARP-1, p53 and p53 ser 15 in TK6 cells after 
dichlorvos.  Cells were exposed to the indicated concentrations of dichlorvos for 4 and 24h prior to western 
blot analysis.  Etoposide was used as a positive control for the activation of DNA damage signalling. Values 
have been calculated using Syngene software and normalised against GAPDH levels. Error bars are ± STD error 
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3.3.2 Cell cycle effects of dichlorvos 
Our initial studies in TK6 cells demonstrated inconsistent results in response to a variety of 
DNA damaging agents (including ionizing radiation, H2O2, etoposide and the alkylating agent 
methyl methane sulphonate, data not shown).  The literature was searched for readily 
available cells that can be used for the study of cell cycle regulation.  Several papers were 
found demonstrating intact G1/S and G2/M phase cell cycle arrest in A549 lung carcinoma 
cells.  As well as being appropriate for the study of cell cycle effects, these cells are also an 
appropriate model system as inhalation of nerve agent/OP pesticides is a common route of 
exposure. A549 cells are carcinoma human alveolar basal epithelial cells. In order to test the 
suitability of A549 cells to assess cell cycle effects after exposure two positive control 
treatments were used. One was etoposide a topoisomerase inhibitor and the second was 
ionizing radiation (IR) known to cause DNA double strand breaks. These controls should 
allow for testing of the cell cycle as both cause sufficient DNA damage to increase p53 levels 
and cause cell cycle arrest to allow for efficient DNA repair or apoptosis.  
 
A549 cells were seeded at 2x105 and left overnight to give an approximate confluence of 
60%. Cells were either left untreated or treated with 5µM Etoposide or Ionizing radiation 
(I.R.) at 5 Gray for 5 minutes.  Cells were left for 24 hours prior to western blot analysis. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.19.  Western blot of A549 cells 24 hours after treatment with IR or etoposide. 
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As shown in Figure 3.19, both treatments resulted in decreased phosphorylation of Rb (Ser 
807/11), with decreased phosphorylation of Ser795 also evident after 5M etoposide.  
Therefore, to investigate whether dichlorvos exposure resulted in cell cycle arrest, A549 
cells were used for the analysis of cell cycle regulated proteins, with etoposide as a positive 
control. 
 
After establishing that A549 cells were suitable to study changes in cell cycle effect after 
genotoxins, these cells were used to view any cell cycle effects after 10µM and 100µM 
dichlorvos for 24 hours. During cell cycle arrest at the G1/S phase, phosphorylation of Rb 
decreases, allowing this protein to bind to and inactivate the E2F transcription factor, 
preventing transcription of the genes required for progression into S-phase.  In addition, 
phosphorylation of cdc2 (Tyr15) was investigated.  When phosphorylated on this site, cdc2 
is inactive and is unable to drive progression of the cell cycle from G2 to mitosis.  In normal 
cycling cells, to allow cell cycle progression, this phosphate group is removed by the action 
of the cdc25 phosphatase.  After DNA damage, this phosphatase is phosphorylated and 
inactivated by the checkpoint kinases Chk1 and Chk2.  This results in increased 
phosphorylation of cdc2 and reduced progression into mitosis.  Eventually, this 
phosphorylation appears to decrease relative to untreated cells, possibly due to degradation 
of the cdc2 protein. In order to confirm that the p53 response was the same as seen with 
TK6 cells, samples were also probed for p53 and p53 Ser15, in addition to cdc2 (Tyr15) and 
Rb (Ser 795). 
Figure 3.20 show that dichlorvos does show an increase in p53 protein levels after 4 hours, 
although this is smaller than previously seen in TK6 cells. The lower p53 response could be 
due to differences in DNA repair capacities between the cell lines.  At 24 hours p53 has 
returned to back ground levels and this was the same as seen with TK6 cells. The comet 
assay should be performed in A549 cells after treatment with dichlorvos so the p53 
response can be related to levels of DNA damage. The increase in p53 and phosphorylated 
p53 was clear after 24 hours after treatment with etoposide (5 and 50 µM).   
Dichlorvos (10 µM) did not cause a decrease in Rb phosphorylation; however 100µM caused 
a clear decrease in p-RB-Ser795 at 4 hours, which returned to similar levels as untreated 
cells after 24 hours, this suggests dichlorvos caused a G1/S block at 4 hours which was lifted 
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after 24 hours.  There was a clear decrease in p-Rb-Ser795 with etoposide after 4 and 
24hours at both 5 and 50µM concentrations, suggesting a G1/S block that was persistent for 
24 hours.  There was a small increase in the phosphorylated cdc2 protein with 10µM 
dichlorvos and a clear increase with 100µM dichlorvos and etoposide (5 and 50µM) after 4 
hours.  Cdc-2 phosphorylation increased at 4 hours and then decreased at 24 hours, these 
observations are consistent with a G2/M block according to Dan and Yamori (2000).  
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Figure 3.20 Western blot of the change in expression of p53 p53 (ser15), p-cdc2 (tyr15), p-Rb (ser795) and 
GAPDH in A549 cells after dichlorvos.  Cells were exposed to the indicated concentrations of dichlorvos for 4 
and 24 hours prior to western blot analysis.  Etoposide was used as a positive control for the cell cycle effects. 
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The western blot in figure 3.20 was quantified using Syngene GeneTools software. The 
values obtained for p53, p53-Ser15 induction were then normalised against GAPDH. In 
figure 3.21, dichlorvos (100μM) caused a 50% increase in p53 protein levels after 4 hours 
and returned back to background levels after 24 hours.  No affect on p53 was seen after 
10μM dichlorvos. Etoposide (5 and 50μM) caused clear p53 induction at both 4 and 24 
hours the greatest change in protein expression occurred with a 3 fold increase of p53 at 
5μM.  Dichlorvos did not have any effect on p53-Ser15 levels at either 10 or 100μM. 
Treatment with etoposide at both 5 and 50μM resulted in a significant increase in p53ser15 
levels casing around a 25 fold increase after 4 hours.  The findings in A549 cells were 
consistent with the finding in TK6 cells. 
Dichlorvos 
86 
 
 
Figure 3.21. Differing levels expression of p53 and p53 (ser15) in A549 cells.  Cells were exposed to the 
indicated concentrations of dichlorvos for 4 and 24h prior to western blot analysis.  Etoposide was used as a 
positive control for the activation of DNA damage signalling and cell cycle effects. Values have been calculated 
using Syngene software and normalised against GAPDH levels. Error bars are ± STD error 
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Figure 3.22. Differing levels expression of p-cdc2 (tyr15) and p-Rb (ser795) in A549 cells.  Cells were exposed 
to the indicated concentrations of dichlorvos for 4 and 24 hours prior to western blot analysis.  Etoposide was 
used as a positive control for the activation of DNA damage signalling and cell cycle effects. Values have been 
calculated using Syngene software and normalised against GAPDH levels. Error bars are ± STD error 
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The western blot in figure 3.20 was quantified using Syngene GeneTools software. The 
values obtained for p-Rb-Ser795 and p-Cdc2-Tyr15 were then normalised against GAPDH. 
Figure 3.22 indicates that dichlorvos 10μM caused a 2 fold increase in the expression of Cdc-
2-Tyr15 and 100μM dichlorvos caused a 24 fold increase after 4 hours. This is indicative of 
the initiation of a G2/M block. After 24 hours the levels have fallen below back ground 
levels. Etoposide has similar affect on the profile of cdc2-tyr15 induction although etoposide 
causes a 45 fold increase at 5μM and 42 fold increase at 50 μM after treatment for 4 hours 
before falling below background levels. Dichlorvos 10μM has no affect on Rb 
phosphorylation at 4 or 24 hours with the levels staying close to back ground levels. There is 
a clear decrease in Rb phosphorylation at 4 hours after 100μM dichlorvos which then 
returns to back ground levels at 24 hours.  After 5μM etoposide there was a drop in 
expression by 66% after 4 hours decreasing to 75% at 24 hours. 50μM etoposide caused 
nearly a 75% drop in expression of p-Rb-Ser795 after 4 hours falling further to nearly 90% 
loss in comparison with untreated cells after 24 hours. These findings are consistent with a 
G1/S block.  
 
3.4. Initiation of DNA repair pathways after DNA damage by dichlorvos 
The data in this chapter clearly shows that dichlorvos is able to induce DNA damage in vitro.  
The nature of this DNA damage remains unclear.  By investigating the role of specific DNA 
repair pathways it is possible to obtain some information regarding the type of DNA damage 
being induced.  For example, if dichlorvos is methylating DNA, then BER is likely to be 
involved in repairing these lesions.  Therefore, cells lacking BER would have higher levels of 
DNA damage after dichlorvos, which would result in greater cytotoxicity.  The sections 
below describe preliminary data investigating the role of BER and NHEJ in the cellular 
response to dichlorvos. 
 
3.4.1 Base excision repair 
BER repairs simple DNA adducts such as oxidative DNA damage and methylation damage.  
To investigate the role of BER in response to dichlorvos, the PARP-1 inhibitor NU1025 was 
Dichlorvos 
89 
 
used.  Whilst PARP-1 is a multi-functional protein, it has an important role in the BER 
pathway and cells treated with PARP-1 inhibitors are hypersensitive to simple alkylating 
agents and hydrogen peroxide.  If BER is required to repair the DNA damage induced by 
dichlorvos, then cells lacking BER would be expected to be more sensitive to dichlorvos 
toxicity. 
TK6 cells (2x106in a volume of 10ml) were incubated for one hour with NU1025 or 1% DMSO 
as a solvent control before dosing with dichlorvos. The dichlorvos concentrations used were 
0.01, 0.1, 1, 10 and 100µM, cells exposed for 24 and 48 hours prior to MTS assays. Controls 
used were untreated cells as a negative control and hydrogen peroxide at 10µM as a 
positive control.   
 
Figure 3.23.  Change in cell viability measured by the MTS assay after 24 and 48 hours in TK6 cells after 
exposure to dichlorvos with and without PARP-1 function. Results were expressed as mean % viability relative 
to untreated control (untreated cells designated 100% viability) ± standard deviation. 
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There is little cytotoxicity as measured by the MTS assay after 24 hours treatment with 
dichlorvos at all concentrations. This is surprising as at the same time point and same 
concentrations using the MTT assay to measure cell viability, dichlorvos demonstrated a 
higher cytotoxic potential. This finding is not restricted to dichlorvos as hydrogen peroxide 
has previously demonstrated a higher cytotoxicity at 24 hours using the same 
concentration. This may be due to differences in the sensitivity of MTT and MTS assays or 
may be due to the experiments being performed at different periods in time (with possible 
differences in the batch of dichlorvos and hydrogen peroxide used as well as different 
batches of TK6 cells).   
 
Hydrogen peroxide was used as a positive control.  As shown in Figure 3.23, cells lacking BER 
were more sensitive to hydrogen peroxide than BER-proficient cells.  After 24 hours TK6 
cells with and without PARP-1 function displayed a 20% loss in viability, PARP-1 inhibition 
had no effect on dichlorvos cytotoxicity after 24 hours.  However, after 48hours, cells 
lacking BER (NU1025-treated) were more sensitive to dichlorvos than DMSO-treated cells at 
all doses, for example, a further 15% decrease in cell viability occurred after 100µM 
dichlorvos in cells without PARP-1 function.  Hydrogen peroxide at 48 hours caused a 
decrease of approximately 50% of cell viability in cells lacking PARP-1 activity.  These 
preliminary studies suggest that there is some evidence for BER being required for the 
repair of dichlorvos induced DNA damage. The small differences between repair proficient 
and deficient are likely due to low levels of damage that dichlorvos is able to induce. The 
positive control of hydrogen peroxide, an agent which is known to cause oxidative stress 
showed clearly that cells without PARP-1 function were more sensitive to damage by 
hydrogen peroxide. The data presented in this section is preliminary and further repeats of 
the experiment are required to confirm the findings presented here. 
 
3.4.2. Non homologous end joining 
NHEJ is the major pathway used by human cells to repair DNA DSBs.  To investigate the role 
of NHEJ in the response to dichlorvos, the DNA-PK inhibitor NU7026 was used.  Cells treated 
with NU7026 are hypersensitive to agents that induce DSBs, including ionising radiation and 
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etoposide.  If NHEJ is required to repair the DNA damage induced by dichlorvos then cells 
lacking NHEJ would be expected to be more sensitive to dichlorvos toxicity. 
TK6 cells (2x106in a volume of 10ml) were incubated for one hour with NU7026 or 1% DMSO 
as a solvent control before dosing with dichlorvos. The dichlorvos concentrations used were 
0.01, 0.1, 1, 10 and 100 µM. Samples were taken at 24 and 48 hours to assess cell viability 
via the MTS assay. Controls used were untreated cells as a negative control and etoposide 
50 µM as a positive control. 
 
 
Figure 3.24.  Change in cell viability measured by the MTS assay after 24 and 48 hours in TK6 cells after 
exposure to dichlorvos with and without DNA PK function. Results were expressed as mean % viability 
relative to untreated control (untreated cells designated 100% viability) ± standard deviation. 
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As observed in the BER studies, the dichlorvos appeared less cytotoxic when using the MTS 
assay (Figure 3.24) instead of the previously used MTT assay.  After 24 hours, cells treated 
with NU7026 were more sensitive to dichlorvos than DMSO-treated cells.  This would 
suggest that NHEJ is involved in the cellular response to dichlorvos and that the mechanism 
of dichlorvos-mediated genotoxicity may involve the generation of DNA DSBs.  However, 
after 48 hours, there is no real difference in dichlorvos toxicity between NHEJ-proficient and 
deficient cells (Figure 3.24, lower graph).  At both 24 hours and 48 hours, cells lacking NHEJ 
were more sensitive to etoposide than cells with an intact NHEJ pathway.  It is important to 
further investigate the potential generation of DSBs after dichlorvos as these lesions are 
highly cytotoxic and mutagenic.  These preliminary cytotoxicity studies using NU7026 should 
be repeated.  In addition, neutral comet assays should be performed, which specifically 
detect DSBs.  
3.5 Discussion  
The comet assay demonstrated that dichlorvos induced DNA damage in TK6 cells in a dose-
dependent manner. There was an increase in DNA damage in TK6 cells relative to control; 
the extent of DNA damage had increased after 24 hours. In general, OTM values <1 are 
classed as ‘undamaged’ and values of 1-2 are classed as low level damage (Collins et al 
1997), the majority of cells treated with 100μM dichlorvos were above 5 OTM. In addition 
DNA damage was observed after only ten minutes in SHSY-5Y neuroblastoma cells at low 
concentrations, suggesting that dichlorvos is able to modify DNA relatively quickly. After 24 
hours, the levels of DNA damage had increased compared to the values at 1 hour after high 
μM treatments. It is possible that dichlorvos is able to directly bind to and modify DNA and 
Wooder et al. (1977) and Lawley et al. (1974) have suggested that dichlorvos can directly 
methylate DNA and other proteins. The observation of DNA damage measured by the comet 
assay does not provide information on the type of DNA damage and as there is a loss in cell 
viability the DNA damage could be attributed to cell death mechanisms such as apoptosis. 
During apoptosis the cell undergoes morphological changes, such as cell shrinkage, 
fragmentation of nuclei and blebbing of the plasma membranes (Nagata et al., 2003). This 
process is accompanied by the degradation of chromosomal DNA. This degradation of DNA 
could be detected by the comet assay.  Attempts were made to identify the type or types of 
lesion after exposure to dichlorvos in SHSY5Y cells. The procedure of adding the FPG 
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endonuclease was problematic and provided data that was much higher in levels of damage 
than had been seen previously with dichlorvos. It is possible that this is due to the extra 
processing during the comet and the introduction of artefactual DNA damage. However, the 
data when used as a preliminary tool suggests that the lesion created by dichlorvos is 
unlikely to be oxidative in nature. Yamano et al. (2000) reports that dichlorvos (250, 500 and 
1000µM) does cause oxidative damage in rat hepatocytes but states that  the oxidative 
damage is confined to  lipid peroxidation and therefore only plays a significant role in its 
cytotoxicity but not in its genotoxicity, which corroborates the preliminary study. 
Damage to DNA should result in the activation of DNA damage signaling pathways, 
mediated by the activity of the ATM/ATR and Chk1/2 protein kinases.  Central to this 
signaling cascade is the tumour suppressor protein p53, which is induced and activated after 
DNA damage.   In TK6 cells exposure to 100µM dichlorvos resulted in an increase in p53 
protein levels after 1 hour, with maximum levels measured at 4 hours but at 24 hours a 
similar expression to the untreated samples was seen. This would suggest that 100μM 
dichlorvos caused a rapid and transient increase in p53 as a result of the moderate and 
rapid DNA damage detected by the comet assay.  Whilst the increase in p53 protein levels 
was clear, there was no evidence for phosphorylation of p53 at serine 15.  A range of 
genotoxins have been shown to induce serine 15 phosphorylation (reviewed in Dumaz et al 
1999) and it has been shown that phosphorylation of p53 at Ser15 is necessary to activate 
p53 but it is not increased p53 expression. The increased expression of p53 may not due to 
an effect at the transcriptional level but to protein stabilization (Blattner et al., 1999)  To 
better understand the mechanism of p53 activation after exposure to dichlorvos further 
investigation is required and other post translational modifications should be measured, for 
example, other phosphorylation sites on p53. In addition the levels of mdm2 should be 
measured to assess whether p53 is no longer being targeted for degradation thus allowing 
for its stabilization (Jacobberger et al., 1999).  It is also possible that dichlorvos which is an 
organophosphate has covalently phosphorylated p53 at Ser 15 kinase mediated 
phosphorylation is blocked. To test this theory TK6 cells should be pre-treated with 
dichlorvos and then with an agent known to cause phosphorylation of p53 at Ser15 such as 
Etoposide. If phosphorylation still occurs then this would indicate that dichlorvos is not 
preventing kinase mediated phosphorylation.   
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Cytotoxicity studies showed that dichlorvos has cytotoxic potential even at low µM 
concentrations. The cytotoxicity of dichlorvos, demonstrated in the MTT assay, was 
investigated further by analysing the cleavage of PARP-1 as an indicator of apoptotic cell 
death.  Dichlorvos (100µM) caused an increase in full length PARP-1 and the cleaved 
fragment of 89kDa after 24 hours.  Further investigation is required to confirm the mode of 
cell death is apoptosis. To confirm that apoptotic cell death is occurring, other apoptotic 
markers would need to be investigated, for example, the use of AnnexinV assays that 
detects the expression of phosphatidylserine on the outer leaflet of the plasma membrane 
(occurs early in apoptosis) and caspase activation by western blotting should also be 
examined. 
A549 cells were used to study any cell cycle effects seen after exposure to dichlorvos. 
Dichlorvos did cause a slight induction of p53 at 4 hours and this returned to background 
levels after 24 hours as seen with TK6 cells. Dichlorvos did cause a decrease in Rb 
phosphorylation after 4 hours this returned to background levels at 24 hours, this suggested 
that dichlorvos, does cause cell cycle arrest at G1/S phase but the block is lifted after 24 
hours. There was an increase in the phosphorylated cdc2 protein with both 10 and 100µM 
dichlorvos at 4 hours. This would suggest a G2/M block in the cell cycle. These affects would 
allow for the slowing of the cell cycle and allow for repair of the DNA damage unless the 
damage was too high and the cells would be directed to apoptosis. 
 Preliminary studies were conducted in TK6 cells on the role of specific DNA repair pathways 
after dichlorvos treatment. These studies involved treatment of TK6 cells with specific 
enzyme inhibitors to inhibit BER and NHEJ followed by treatment with dichlorvos and 
measurement of cell viability after 24 and 48 hours. An initial observation was that 
dichlorvos appeared less cytotoxic compared to previous studies. Slightly different methods 
were used to measure cytotoxicity previously the MTT assay had been used, in the repair 
studies cytotoxicity was measured using the MTS assay.  These preliminary studies differed 
in levels of cytotoxicity found with the MTT assay. Although these are two different 
methods for measuring cytotoxicity and a difference would be expected, the difference in 
cell viability is quite large. At 24 hours dichlorvos has caused nearly a 20% loss of cell 
viability with the MTS assay compared to a 40% loss recorded with the MTT assay. It is 
worth noting that these results were not restricted to dichlorvos and the positive control 
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hydrogen peroxide 10μM did not cause similar levels of cytotoxicity seen with MTT assay 
either. This could possibly be attributed to a different batch of dichlorvos and hydrogen 
peroxide as well as a different consignment of TK6 cells used.  The preliminary data 
suggested that TK6 cells at 24 hours were showing signs of repair by non homologous end 
joining, cells devoid of this repair mechanism showed a larger decrease in cell viability.  This 
data is corroborated by the phosphorylation H2AX in A549 cells and formation of nuclear 
foci. γ-H2AX is rapidly phosphorylated to form discreet nuclear spots or foci in response to 
double strand breaks. Some studies have suggested that dichlorvos can methylate DNA. If 
this was the case then the BER pathway would be expected to be involved in the repair of 
this type of lesion. After 48 hours cells that were devoid of BER were showing a slight (15%) 
increase in cell death. These preliminary studies suggest that two different repair pathways 
may be involved in the response to dichlorvos-induced DNA damage. These pathways repair 
different forms of DNA damage, suggesting that dichlorvos was able to cause more than one 
type of lesion. These lesions may be attributed to either a direct effect by dichlorvos and/or 
due to dichlorvos initiating cell death. These results along with the comet assay data 
certainly indicate that dichlorvos is able to damage DNA, which the cell responds to by 
initiating DNA repair mechanisms.  Dichlorvos caused DNA damage with an increase in 
cytotoxicity, the results presented here suggests that some cells were directed to repair and 
others were directed to cell death with evidence to suggest apoptosis as a mechanism of 
cell death.    
 
3.6 Summary  
Dichlorvos induced DNA damage, even at nM levels and after only a short exposure time, in 
two cell lines TK6 lymphoblastoid cells and SH-SY5Y neuroblastoma cells. The genotoxic 
potential has also corroborated by increased expression of γ-H2AX. Dichlorvos was cytotoxic 
at high concentrations.  Dichlorvos results in p53 induction but no apparent phosphorylation 
on Ser15, in contrast to etoposide which causes both p53 induction and phosphorylation. 
This may suggests a different mechanism in response to DNA damage induced by dichlorvos 
rather than that seen with etoposide. A G2/M block was found after exposure to dichlorvos 
as well as the possible initiation of DNA repair mechanisms NHEJ and BER. 
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potential of a phosphorothioate 
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4.0 Chlorpyrifos 
Previous studies had been conducted using dichlorvos which is a stable oxon. These were 
compared with chlorpyrifos, a phosphorothioate and its unstable metabolite chlorpyrifos 
oxon. Chlorpyrifos, without undergoing biotransformation by cytochrome P450s to 
chlorpyrifos oxon, does not bind AChE. The ability of chlorpyrifos and chlorpyrifos oxon to 
cause DNA damage and cytotoxicity was compared, this allowed for the evaluation of AChE 
binding in the genotoxic potential of an organophosphate.     
 
4.1 Cytotoxicity  
DNA damage activates cellular signalling pathways that may ultimately lead to cell death, if 
the damage encountered is too great or not repaired.  The cytotoxicity of chlrpyriofos and 
chlorpyrifos oxon was tested in TK6 cells using the MTT assay. Cells were exposed to  0.01, 
0.1, 1, 10 and 100µM of either chlorpyrifos or chlorpyrifos oxon and tested for cytotoixicty 
after 1 and 24 hours. 
 
 
Figure 4.1.  Cytotoxicity of chlorpyrifos in TK6 cells. Cells were exposed to the indicated doses of chlorpyrifos 
or H2O2 for 1 hour before cell viability was measured using an MTT assay. Results were expressed as mean % 
viability relative to untreated control (untreated cells designated 100% viability) ± standard deviation 
 
Table 4.1. Cytotoxicity in TK6 cells after treatment with chlorpyrifos (0.01, 0.1, 1, 10 and 100µM) for 1 hour. 
Cytotoxicity was measured as a percentage of control. (P value * <0.05 **P value <0.01 ***P value <0.001 one 
way ANOVA)   
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Figure 4.2.  Cytotoxicity of chlorpyrifos in TK6 cells. Cells were exposed to the indicated doses of chlorpyrifos 
or H2O2 for 24 hours before cell viability was measured using an MTT assay. Results were expressed as mean % 
viability relative to untreated control (untreated cells designated 100% viability) ± standard deviation 
 
 
Table 4.2. Cytotoxicity in TK6 cells after treatment with chlorpyrifos (0.01, 0.1, 1, 10 and 100µM) for 24 
hours. Cytotoxicity was measured as a percentage of control. (P value * <0.05 **P value <0.01 ***P value 
<0.001 one way ANOVA)   
 
Figure 4.1 and Table 4.1 shows that chlorpyrifos did not cause cytotoxicity in TK6 cells 
between doses of 0.01 and 10µM after 1 hour, but 100µM chlorpyrifos caused a 20% loss of 
cell viability. Hydrogen peroxide 10µM, used as a positive control, caused a 66% loss in cell 
viability after 1 hour. A Longer incubation period with chlorpyrifos proved to be cytotoxic 
even at low μM concentrations.  At doses of 0.01 and 0.1µM, cytotoxicity was not observed 
even after 24 hours whereas 1µM chlorpyrifos caused a 20% loss in cell viability and 100µM 
caused a loss of more than 80% viability (Figure 4.2 and Table 4.2).   
 
The experiment was repeated but using chlorpyrifos oxon and the results are described 
below. 
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Figure 4.3.  Cytotoxicity of chlorpyrifos oxon in TK6 cells. Cells were exposed to the indicated doses of chlorpyrifos or H2O2 
for 1 hour before cell viability was measured using an MTT assay. Results were expressed as mean % viability relative to 
untreated control (untreated cells designated 100% viability) ± standard deviation 
 
Table 4.3. Cytotoxicity in TK6 cells after treatment with chlorpyrifos oxon (0.01, 0.1, 1, 10 and 100µM) for 1 hour. 
Cytotoxicity was measured as a percentage of control. ((P value * <0.05 **P value <0.01 ***P value <0.001 one way 
ANOVA)   
 
 
Figure 4.4.  Cytotoxicity of chlorpyrifos oxon in TK6 cells. Cells were exposed to the indicated doses of chlorpyrifos or H2O2 
for 24 hours before cell viability was measured using an MTT assay. Results were expressed as mean % viability relative to 
untreated control (untreated cells designated 100% viability) ± standard deviation 
Table 4.4. Cytotoxicity in TK6 cells after treatment with chlorpyrifos oxon (0.01, 0.1, 1, 10 and 100µM) for 24 hours. 
Cytotoxicity was measured as a percentage of control. (P value * <0.05 **P value <0.01 ***P value <0.001 one way 
ANOVA)   
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Chlorpyrifos oxon showed a very similar profile of cytotoxicity to the parent 
phosphorothioate form. After 1 hour, no cytotoxicity was observed with the concentrations 
0.01 to 10µM but 100µM caused nearly a 50% loss of cell viability (Figure 4.3 and Table 4.3). 
The oxon was slightly more toxic than the phosphorothioate form which only caused a 33% 
loss in cell viability. After 24 hours, lower concentrations of chlorpyrifos oxon, as with the 
parent compound, proved to be cytotoxic as 0.1 and 1µM caused a 20% loss of cell viability 
after 24 hours. 10µM caused a 50 % loss in cell viability and 100µM caused approximately 
an 85% loss of cell viability (Figure 4.4 and Table 4.4). After 1 hour the oxon form was 
slightly more toxic at 100µM but overall on a molar basis there is no difference between the 
phosphorothioate and oxon form after 24 hours.   
 
4.2 DNA Damage  
4.2.1 Comet assay  
 
To test the ability of chlorpyrifos to damage DNA, TK6 cells were exposed to a range of 
concentrations (0.01, 0.1, 1, 10 and 100µM) for 24 hours following which DNA damage was 
assessed by the alkaline comet assay. An increase in dose caused an increase in OTM at both 
1 and 24 hours with chlorpyrifos (Figure 4.5 and Table 4.5; Figure 4.6 and Table 4.6).  
 
Chlorpyrifos caused a dose dependent increase in DNA damage after 1 hour exposure. The 
highest amount of damage occurred at 100µM with an OTM of 2.35 compared to a control 
value of 0.62. After treatment with chlorpyrifos for 1hour there was an uneven distribution 
of damage in the 50 cells analysed, about 80% of cells had low OTM values of less than 1, 
however increasing the dose caused an increase in cells displaying higher OTM values.  After 
24 hours there was a decrease in DNA damage compared with the 1hour sample after 
treatment with the lowest doses of chlorpyrifos (0.01 and 0.1 µM). In contrast, at higher 
doses (1, 10 and 100µM) an increase in DNA damage was observed, these concentrations 
have increased approximately by 1 OTM unit (when considering the mean) between 1 and 
24 hours. The distribution of the DNA damage in the 50 cells analysed for 1, 10 and 100µM 
showed there was a marked increase in the number of cells displaying damage between 5 
and 10 OTM. After treatment with 100µM there is also an increase in the number of cells 
showing damage with an OTM value greater than 10. At 24 hours with 10 and 100µM there 
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is a massive loss in cell viability and this makes interpretation of these results difficult due to 
the extensive cell death.  
 
 
 
Figure 4. 5.  DNA damage in TK6 cells after chlorpyrifos TK6 cells were exposed to the indicated doses of 
chlorpyrifos or hydrogen peroxide for 1 hour prior to measurement of DNA damage using the alkaline comet 
assay.  The upper graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM (value 
14.8 OTM) has been excluded from the upper graph. The lower graph shows the distribution of damage 
between the 50 cells scored. 
 
 
 
 
Table 4. 5. DNA damage in TK6 cells by chlorpyrifos (0.01, 0.1, 1, 10 and 100µM) for 1 hour. DNA damage was 
measured as OTM (P value *  <0.05 **P value <0.01 ***P value  <0.001 Kruskal-Wallis) 
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Figure 4.6.  DNA damage in TK6 cells after chlorpyrifos TK6 cells were exposed to the indicated doses of 
chlorpyrifos or hydrogen peroxide for 24 hours prior to measurement of DNA damage using the alkaline comet 
assay.  The upper graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM (value 
25.2 OTM) has been excluded from the upper graph. The lower graph shows the distribution of damage 
between the 50 cells scored. 
 
 
 
Table 4.6. DNA damage in TK6 cells by chlorpyrifos (0.01, 0.1, 1, 10 and 100µM) for 24 hours. DNA damage 
was measured as OTM (P value * <0.05 **P value <0.01 ***P value <0.001 Kruskal-Wallis) 
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To test the ability of chlorpyrifos oxon to damage DNA, TK6 cells were exposed to a range of 
concentrations (0.01, 0.1, 1, 10 and 100µM) for up to 24 hours. At 1 and 24 hours DNA 
damage was assessed by the alkaline comet assay and displayed an increase in dose caused 
an increase in OTM at both 1 and 24 hours (Figure 4.7 and Table 4.8; Figure 4.8 and Table 
4.8).  
 
 
Chlorpyrifos oxon caused a dose dependent increase in DNA damage after 1 hour exposure. 
The highest amount of damage was after 100µM with a rise from an average 1.09 OTM with 
the DMSO treated cells, to 11.27. The distribution of DNA damage in the 50 cells analysed 
after treatment with 100µM showed that roughly half the cells had an OTM value greater 
than 20, with the other half displaying an OTM of less than 5. After treatment with 0.01, 0.1, 
1 and 10µM the majority of the cells have an OTM value of less than 5, however there is an 
increase in the number of cells (approx 20%) showing damage between 5 and 10 OTM, with 
some cells showing damage above 10 OTM.   An increase in DNA damage was seen at 24h 
compared to 1h, with an increase in DNA damage after 0.01, 0.1 and 10 µM. These values 
have approximately doubled in OTM values when considering the mean compared to the 1 
hour sample. When considering the distribution of damage in the 50 cells analysed for each 
of these concentrations, the majority of cells displayed damage between 5 and 10 OTM with 
a number of the cells showing OTM values over 10 OTM with some as high as 50 OTM. After 
treatment with 100µM, the majority of cells showed extremely high OTM levels. When 
considering the spread of DNA damage within the 50 cells some displayed damage well 
above 100 OTM with the majority of cells showing extensive damage, similar to the profile 
seen with hydrogen peroxide a known reactive oxygen species producer. After 24 hours 
there was a decrease in DNA damage compared with the 1hour sample after treatment with 
1µM, however the error bar at 1hour is quite large due to a few high OTM values of a few 
cells, this has obscured the mean. When comparing the distribution of damage of 1µM 
chlorpyrifos at 1 and 24 hours, it is clear that at 24 hours there is an increase in the 
proportion of cells showing greater damage than after 1 hour.  After 24 hours with 100µM 
there is low cell viability measured by the MTT assay this makes interpretation of results 
difficult due to the excess of cell death at this time point. 
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Figure 4.7.  DNA damage in TK6 cells after chlorpyrifos oxon TK6 cells were exposed to the indicated doses of 
chlorpyrifos oxon or hydrogen peroxide for 1 hour prior to measurement of DNA damage using the alkaline 
comet assay. The upper graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM 
(value 38.4 OTM) has been excluded from the upper graph. The lower graph shows the distribution of damage 
between the 50 cells scored. 
 
 
 
Table 4.7. DNA damage in TK6 cells by chlorpyrifos oxon (0.01, 0.1, 1, 10 and 100µM) for 1 hour. DNA 
damage was measured as OTM (P value * <0.05 **P value <0.01 ***P value <0.001 Kruskal-Wallis) 
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Figure 4.8.  DNA damage in TK6 cells after chlorpyrifos oxon TK6 cells were exposed to the indicated doses of 
chlorpyrifos oxon or hydrogen peroxide for 24 hours prior to measurement of DNA damage using the alkaline 
comet assay. The upper graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM 
(value 17.5 OTM) has been excluded from the upper graph. The lower graph shows the distribution of damage 
between the 50 cells scored. 
 
Table 4.8. DNA damage in TK6 cells by chlorpyrifos oxon (0.01, 0.1, 1, 10 and 100µM) for 24 hours. DNA 
damage was measured as OTM (P value * <0.05 **P value <0.01 ***P value  <0.001 Kruskal-Wallis) 
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4.3 Response to DNA damage 
 
4.3.1. p53 response 
 
 
Chlorpyrifos and chlorpyrifos oxon caused significant DNA damage and cytotoxicity, 
particularly at higher doses.  If these compounds are damaging DNA, then DNA damage 
signalling pathways should also be activated in response to this damage. TK6 cells were 
treated with 0.01µM, 0.1µM, 1µM, 10µM and 100µM chlorpyrifos and chlorpyrifos oxon for 
4 and 24hrs. Samples were collected for western blot analysis and analysed for the 
expression of p53, phosphorylated p53 (Ser15), and PARP-1 or the cleaved PARP-1 fragment 
as a marker of apoptosis (already described in a previous chapter).  Etoposide was used as a 
positive control for the induction of DNA damage signalling events and apoptosis. 
 
Figure 4.9 shows that there was no evidence of PARP-1 cleavage at doses 0.01-10μM or 
etoposide 50 μM at 4 hours. However there was evidence of PARP-1 cleavage after 100µM 
chlorpyrifos after 4 hours, suggesting apoptosis has been induced. No band was seen at 4 
hours with etoposide as this is a topoisomerase inhibitor and primarily exerts a toxic effect 
during S phase, therefore cells will need to enter S phase before any significant toxic effect 
occurs. After 24 hours treatment with etoposide a clear band of cleaved PARP-1 can be 
seen. There is no band at 24 hours after treatment with chlorpyrifos. A possible reason for 
this is due to an early initiation of apoptosis. After 24 hours a high number of cells are no 
longer viable as seen with the MTT assay and this may account for no band being seen at 24 
hours with chlorpyrifos.  
 
A background level of p53 and phosphorylated p53-Ser15 can be seen in the DMSO treated 
cells with elevated levels of both p53 and the phosphorylated p53 occurring with 50µM 
etoposide.  No increase in protein levels of p53 or p53-Ser15 occurred with chlorpyrifos 
after 4 or 24 hours, suggesting that DNA damage signalling events are not being activated.   
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Figure 4.9. Western blot of TK6 cells after chlorpyrifos or etoposide.  Cells were exposed to the indicated 
doses of chlorpyrifos or 50M etoposide for 4h or 24h prior to western blot analysis.   
 
 
A similar study was conducted to see if DNA damage signalling cascades were initiated after 
exposure to 10 or 100µM chlorpyrifos oxon in TK6 cells. Samples were prepared in duplicate 
to allow for more accurate analysis. Etoposide (50 µM) was used as a positive control for the 
initiation of DNA signalling cascades. 
 
Figure 4.10 shows that PARP-1 is cleaved after 24 hours with chlorpyrifos oxon (100µM) and 
etoposide.  No band for cleaved PARP-1 was observed at 4 hours following exposure to 
chlorpyrifos oxon but a band can be seen after 24 hours indicating apoptosis. This differs to 
chlorpyrifos and may indicate that the phosphorothioate and oxon form of chlorpyrifos 
exert a cytotoxic effect via different mechanisms. There is no increase in p53 after 4 hours 
4 Hours 
24 Hours 
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but a small increase of p53 can be seen after 24 hours at both 10µM and 100µM 
chlorpyrifos oxon. 
 
 
Figure 4.10. Western blot of TK6 cells after chlorpyrifos oxon or etoposide.  Cells were exposed to the 
indicated doses of chlorpyrifos or 50M etoposide for 4h or 24h prior to western blot analysis 
 
The western blot in Figure 4.10 was quantified using Syngene Gene tools software. The 
values obtained for the increase in p53 protein levels were then normalised against GAPDH. 
Each sample was completed in duplicate and the results are displayed as a mean +/- 
standard error. Figure 4.11 demonstrates that chlorpyrifos oxon does not cause an increase 
of p53 after 4 hours.  However, p53 levels approximately doubled after 100µM chlorpyrifos 
oxon for 24 hours.  
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Figure 4.11. Change in expression of p53 in TK6 cells after chlorpyrifos oxon.  Cells were exposed to the 
indicated concentrations of chlorpyrifos oxon for 4 and 24h prior to western blot analysis.  Etoposide was used 
as a positive control for the activation of DNA damage signalling. Values have been calculated using Syngene 
software and normalised against GAPDH levels. Error bars are ± STD error 
 
 
 
4.3.2 Cell cycle effects 
 
A549 cells had previously been established as suitable to study cell cycle effects after 
genotoxins and were used to view any cell cycle effects after 10µM and 100µM chlorpyrifos 
for 24 hours. In order to confirm that the p53 response was the same as seen with TK6 cells, 
the expression of p53 and p53-Ser15, in addition to phosphorylated cdc2-Tyr15 and 
phosphorylated Rb-Ser795 were also investigated. 
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Figure 4.12. Western blot of A549 cells after chlorpyrifos or etoposide.  Cells were exposed to the indicated 
doses of chlorpyrifos or 50M etoposide for 24h prior to western blot analysis 
 
Chlorpyrifos does not show an increase in p53 protein levels after 24 hours and this was the 
same as seen with TK6 cells. The increase of p53 protein levels and the phosphorylation of 
p53 is clear after 24 hours after treatment with etoposide at both 5 and 50µM (Figure 4.12). 
Chlorpyrifos does show a decrease in Rb (Ser 795), in contrast to the marked decrease with 
etoposide at both 5 and 50 µM concentrations (Figure 4.12).  A small decrease can be seen 
in the p-cdc2-Tyr15 protein after chlorpyrifos (10 and 100μM) and etoposide (5 and 50μM) 
which would indicate a G2/M block.  
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Figure 4.13. Change in expression of p53 and p53 Ser15, in a549 cells after chlorpyrifos.  Cells were exposed 
to the indicated concentrations of chlorpyrifos 24h prior to western blot analysis.  Etoposide was used as a 
positive control for the activation of DNA damage signalling. Values have been calculated using Syngene 
software and normalised against GAPDH levels. Error bars are ± STD error 
 
The western blot in figures 4.12 was quantified using Syngene Gene tools software. The 
values obtained for the increase in protein levels of p53 and p53-Ser15 were then 
normalised against GAPDH. Figure 4.13 confirms that there was no increase in p53 or p53-
Ser15 levels after treatment with chlorpyrifos after 24 hours. However etoposide was able 
to cause a 3 fold increase after 24 hours after both 5 and 50μM treatments for p53, this was 
coupled with an 8 fold increase in phosphorylation of p53 at Ser15.  
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Figure 4.14. Change in expression of, p-Rb ser795 and p-cdc2 (Tyr15) in a549 cells after chlorpyrifos.  Cells 
were exposed to the indicated concentrations of chlorpyrifos 24h prior to western blot analysis.  Etoposide 
was used as a positive control for the activation of DNA damage signalling. Values have been calculated using 
Syngene software and normalised against GAPDH levels. Error bars are ± STD error 
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The western blot in figure 4.12 was quantified using Syngene Gene tools software. The 
values obtained for p-Rb-ser795 and p-cdc2-thr68 were then normalised against GAPDH. 
After 24 hours, chlorpyrifos was able to cause a 50% decrease in p-Rb-ser795 expression 
with 10μM and a 65% decrease with 100μM; this is consistent with a G1-S block. Etoposide 
decreased p-Rb-ser795 levels almost to zero causing a >90% reduction in expression with 
both 5 and 50μM concentrations. Chlorpyrifos (100μM) and etoposide (50μM) caused a 
decrease in cdc2 phosphorylation (Tyr15) at 24 hours; this is consistent with a G2-M block 
according to the findings of Dan and Yamori. (2000). Initiation of a G2-M block is mediated 
initially by increased phosphorylation of cdc2, due to the inactivation of cdc25 phosphatase; 
the phosphorylated protein then diminishes at 24 hours as regulation of the check point is 
maintained by down regulation of cyclin B1. This does not allow for the formation of the 
cyclinB1-cdc2 complex and therefore cannot progress into mitosis. The results presented 
here are consistent with cell cycle arrest at G1/S and G2/M although it is surprising that 
there is no p53 effect.  Further experiments are required to verify the cell cycle effects and 
also to investigate the mechanism of cell cycle arrest.   
 
Due to time restraints, it was impossible to perform cell cycle studies in A549 cells using 
chlorpyrifos at earlier time points of 4 hours and repeating the study using chlorpyrifos 
oxon.   
 
4.4 Discussion  
 
4.4.1 Chlorpyrifos 
 
Chlorpyrifos caused DNA damage at 0.01 and 0.1μM after one hour in TK6 cells, however 
this increase in DNA damage returned to normal background levels after 24 hours. This may 
suggest that at lower doses cells were able to repair the DNA damage induced by 
chlorpyrifos. It is also possible that after 24 hours damaged cells had expired by completed 
apoptosis (or another cell death mechanism) and were no longer available for detection by 
the comet assay.  At higher concentrations of chlorpyrifos (1, 10 and 100μM) the damage 
increased after 24 hours. After exposure to chlorpyrifos there was no significant p53 
response after 4 and 24 hours, despite DNA damage occurring after 1 hour. It is possible 
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that the p53 response was transient and at earlier time points of ten minutes or 1 hour is 
where it might be detected. A similar effect is observed when using sarin where p53 protein 
levels were increased at 1 hour but returned to basal levels at 4 hours (Chapter 5), 
unfortunately the sarin studies were the final studies performed and there was insufficient 
time to allow for repeats of the chlorpyrifos experiments at earlier time points. A very early 
transient p53 response would be consistent with the early PARP-1 cleavage as there is no 
p53 response observed at 4 hours. It is also possible that the observed DNA damage is an 
artefact of cytotoxicity due to apoptosis and subsequent DNA cleavage, the observation of 
cleaved PARP-1 fragment at 4 hours supports this theory. This hypothesis is corroborated by 
the findings of Wellman et al. (2003) that suggest that chlorpyrifos and its oxon are not able 
to directly bind to DNA below 1mM. However, chlorpyrifos was able to cause DNA damage 
at concentrations that had little or no cytotoxicity.   
 
Cleavage of PARP-1 was used as a marker of apoptosis and was seen after exposure to 
100μM at 4 hours. However, there was no evidence of PARP-1 cleavage after 24 hours.  
After the early induction of apoptosis, it may be that there is further protein degradation 
within apoptotic bodies, resulting in loss of cleaved PARP-1.  An alternative to this is that the 
cells have switched from apoptotic cell death at 4 hours to necrotic cell death at 24 hours. 
Further experiments would be required to determine the mechanism of cell death, such as 
staining with Annexin v and ethidium homodimer which can separate cells undergoing 
apoptosis and necrosis. There was a decrease in Rb phosphorylation and a decrease in cdc-2 
phosphorylation at 24 hours with chlorpyrifos. It is possible that earlier effects had been 
missed by 24 hours and at earlier time points should be included to get a complete profile of 
the changes that occur in a slowing of the cell cycle.  At a concentration of 100μM the 
phosphorothioate caused an 85% loss of cell viability after 24 hours. It is not clear how 
chlorpyrifos causes cell death, Crumpton et al. (2000) have suggested that chlorpyrifos can 
generate ROS; this would damage nucleic acids and proteins in the cell causing cytotoxicity 
through a culmination of different mechanisms. In addition Bagchi et al. (1995) have used 
lipid peroxidation and the formation of single strand breaks in DNA as evidence that 
chlorpyrifos is able to generate ROS. ROS are often mediators of apoptosis which is 
consistent with results presented here.   
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4.4.2. Chlorpyrifos oxon 
Chlorpyrifos oxon caused an increase in DNA damage after 1 hour and this increased in all 
cases (except 1μM where it remained the same) at 24 hours.   The damage seen with 
chlorpyrifos oxon (100μM) is extremely high and this corresponded with an 85% loss in cell 
viability. After 24 hours there is an increase in PARP-1 cleavage which is indicative of 
apoptosis. The 85% loss of cell viability and the cleavage of PARP-1 may indicate that the 
increase in DNA damage observed at 24 hours is due to apoptosis and the subsequent DNA 
degradation during this cellular process.  Chlorpyrifos oxon showed no increase in p53 levels 
at 4 hours despite high levels of DNA damage being detected at 1 hour, but a small increase 
in p53 was seen after chlorpyrifos oxon at 24 hours.  However if the level of damage is 
compared to dichlorvos, it was far greater with 100μM chlorpyrifos oxon than 100μM 
dichlorvos at both 1 and 24 hours. Dichlorvos caused an increase of p53 at 2 and 4 hours 
associated with less DNA damage and cytotoxicity than chlorpyrifos oxon.  It is likely that the 
high levels of DNA damage after 100µM chlorpyrifos oxon are a consequence of cytotoxicity 
and DNA degradation.  However, there is also evidence that DNA damage is increased at 
chlorpyrifos oxon concentrations causing little or no cytotoxicity.  Whilst there is no 
evidence for an increase in p53 protein levels at 4 hours (after 10 and 100µM), this may be 
due to the p53 response being rapid and transient (as seen for sarin in chapter 5).   
 
 
4.4.3. Comparison of chlorpyrifos and its metabolite chlorpyrifos oxon 
Chlorpyrifos was able to cause the cleavage of PARP-1 much earlier than chlorpyrifos oxon, 
but chlorpyrifos oxon was able to cause greater DNA damage than chlorpyrifos. There is 
confliction in the literature whether chlorpyrifos or chlorpyrifos oxon is the most effective at 
producing reactive oxygen species.  Crumpton et al. (2000) suggest that when PC12 cells 
were exposed to chlorpyrifos in vitro there was greater production of ROS than its oxon. 
However, Giordano et al. (2007) when using granule neurons from mice with and without 
glutathione deficiency suggest that the oxon produced more ROS at a faster rate than the 
parent compound. However, in both studies ROS was measured over ten minutes and not at 
1 hour.  Giordano et al. (2007) have reported similar levels of cell death with both 
chlorpyrifos and chlorpyrifos oxon after 24 hours exposure at 100μM. A possible reason for 
both of these observations may be due to availability of compounds. If chlorpyrifos and 
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chlorpyrifos oxon is causing a toxic affect due to reactive oxygen species, then the 
compound with greater availability will produce more ROS. Chlorpyrifos oxon will bind 
rapidly to esterases in TK6 cells; chlorpyrifos will not bind and remain in the cell causing 
more damage. Alternatively chlorpyrifos is more stable than chlorpyrifos oxon and this may 
degrade to 3,5,6-trichloro-2-pyridinol (TCP), in the in vitro environment (Brzak et al., 1998; 
Meikle et al., 1983). Either of the previous scenarios would allow for chlorpyrifos showing 
earlier signs of apoptosis at 4 hours. The lower damage seen with chlorpyrifos compared to 
the oxon maybe a misnomer as chlorpyrifos treated cells are too extensively damaged and 
are no longer measured in the comet assay and are lost during the lysis period of the comet 
assay. The oxon however is not as available, and exerts a toxic effect by producing reactive 
oxygen species via the same mechanism, but at a slower rate. The oxon therefore 
demonstrates a slower mechanism of cell death, which allows for extensive damage to be 
registered by the comet assay at 24 hours with the oxon but not with chlorpyrifos, as these 
cells were too damaged to be measured by the comet assay. 
 
 
4.5 Chapter summary 
 
Chlorpyrifos induced DNA damage in TK6 cells, but not to the same extent as chlorpyrifos 
oxon. DNA damage occurred in parallel with a decrease in cell viability. Western blot 
analysis did not show a p53 response to the DNA damage with chlorpyrifos, a small p53 
effect at 24 hours was seen with chlorpyrifos oxon, but p53 may have been induced earlier, 
as for sarin (see chapter 5). This may suggest that the damage seen in the comet assay with 
chlorpyrifos and its oxon is due to cytotoxic potential at higher doses; however, at lower 
doses chlorpyrifos was able to cause DNA damage without loss of cell viability. It is possible 
that the DNA damage seen after treatment with chlorpyrifos and chlorpyrifos oxon is due to 
both direct DNA damage and other effects, as the cells undergo apoptosis or necrosis and 
subsequent DNA degradation. 
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Chapter 5 
 
The genotoxic potential of sarin 
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5.0 Sarin results 
The cytotoxic and genotoxic potential of sarin (GB) was investigated by using TK6 
lymphoblastoid cells, as a model for systemic exposure.  Cytotoxicity was measured using 
the MTT assay and DNA damage measured using the alkali comet assay.  
 
5.1 Cytotoxicity  
DNA damage activates DNA damage signalling pathways that may ultimately lead to cell 
death, if the damage encountered is too great or cannot be repaired.  Therefore, sarin was 
tested for cytotoxicity in culture using the MTT assay after 1 hour and 24 hours exposure 
(Figures 5.1 and 5.2). A one way ANOVA test was performed on the cytotoxicity data, the 
treated samples were compared with the untreated sample and the statistical relevance is 
shown in Table 5.1 and Table 5.2 
 
 
 
 
Figure 5.1   Cytotoxicity of sarin in TK6 cells. Cells were exposed to the indicated doses of sarin or H2O2 for 1 
hour  and cell viability was measured using an MTT assay. Results were expressed as mean % viability relative 
to untreated control (untreated cells designated 100% viability) ± standard deviation. 
 
Table5.1. Cytotoxicity in TK6 cells after treatment with sarin (0.001, 0.01, 0.1 and 1µM) for 1 hour. 
Cytotoxicity was measured as a percentage of control (P value * <0.05 **P value <0.01 ***P value <0.001 one 
way ANOVA)   
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Figure 5.2   Cytotoxicity of sarin in TK6 cells. Cells were exposed to the indicated doses of sarin or H2O2 for 24 
hours and cell viability was measured using an MTT assay. Results were expressed as mean % viability relative 
to untreated control (untreated cells designated 100% viability) ± standard deviation. 
 
 
Table 5.2 Cytotoxicity in TK6 cells after treatment with sarin (0.001, 0.01, 0.1 and 1µM) for 24 hours. 
Cytotoxicity was measured as a percentage of control (P value * <0.05 **P value <0.01 ***P value <0.001 one 
way ANOVA)   
    
Sarin was shown to be cytotoxic to TK6 cells at low µM concentrations.  At 1µM, sarin 
caused a 15% loss in cell viability after 1 hour and this increased to a 20% loss in cell viability 
after 24 hours. Hydrogen peroxide was used as a positive control and caused a 70% loss in 
cell viability after an hour and nearly 100% loss of cell viability after 24 hours.  
 
5.2 DNA damage  
5.2.1 Comet assay 
 
TK6 cells were exposed to a range of Sarin concentrations over 24 hours. An increase in dose 
caused an increase in OTM at both 1 and 24 hours, though the increase was small (Figures 
5.3 and 5.4). A Kruskal-Wallis test was performed on the comet assay data, the treated 
samples were compared with the untreated sample using Dunn’s post hoc test and the 
statistical relevance is shown in Table 3.1 and Table 3.2 
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Figure 5.3.   DNA damage in TK6 cells after sarin. TK6 cells were exposed to the indicated doses of sarin or 
hydrogen peroxide for 1 hour prior to measurement of DNA damage using the alkaline comet assay The upper 
graph shows the mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM (value 28.0 OTM) has been 
excluded from the upper graph. The lower graph shows the distribution of damage between the 50 cells 
scored. 
 
 
Table 5.3. DNA damage in TK6 cells after sarin (0.001, 0.01, 0.1 and 1µM) for 1 hour. DNA damage was 
measured as OTM (P value * <0.05 **P value  <0.01 ***P value  <0.001  Kruskal-Wallis) 
 
There was an increase in OTM after treatment with 0.01, 0.1 and 1µM sarin after 1 hour, 
though the increase was relatively small.  The maximum damage was observed after 1µM 
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sarin with an average OTM of 2.35 compared to the untreated sample of 1.08. There was a 
decrease in DNA damage with the IPA treated and 0.001µM sarin. When considering the 
distribution of DNA damage in the 50 cells scored, around 20% of cells have a DNA damage 
of >5 OTM. This is quite a high proportion of cells displaying high damage after only one 
hour exposure. 
Figure 5.4   DNA damage in TK6 cells after sarin. TK6 cells were exposed to the indicated doses of sarin or hydrogen 
peroxide for 24 hours prior to measurement of DNA damage using the alkaline comet assay.  The upper graph shows the 
mean olive tail moment of 50 cells ± S.E. Hydrogen peroxide 10μM (value 26.06 OTM) has been excluded from the upper 
graph. The lower graph shows the distribution of damage between the 50 cells scored. 
 
Table 5.4 DNA damage in TK6 cells after sarin (0.001, 0.01, 0.1 and 1µM) for 24 hours. DNA damage was 
measured as OTM (P value *  <0.05 **P value  <0.01 ***P value <0.001 Kruskal-Wallis) 
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There was an increase in OTM after treatment with 0.1 and 1µM sarin after 24 hours, 
though the increase was relatively small, with untreated cells having a value of 0.93 and 
1µM a value of 1.57.  There is a high level of DNA damage with hydrogen peroxide after 1 
hour and 24 hours, there was a decrease in OTM with the IPA treated, 0.001µM and 0.01µM 
sarin compared to untreated cells. However due to the level of damage being relatively low 
it is not possible to conclude whether this is due to repair or whether the decrease is due to 
the variability in the comet assay.  
 
The observed DNA damage after sarin was higher after 1 hour compared to 24 hours.  This 
could be due to the DNA damage being repaired after the initial exposure to sarin. It is 
possible that sarin acts very rapidly when coming into contact with the cell and causes DNA 
damage. The alkali comet assay cannot assess the means by which this damage is caused or 
the type of lesion that occurs. Sarin is known to be very unstable in aqueous solution and 
therefore could rapidly degrade in the in vitro system. It is possible then that as the sarin 
level depletes so too does its ability to cause DNA damage, allowing the cell to repair the 
small levels of DNA damage induced. Hydrogen peroxide has previously been established as 
a positive control and gave a very high OTM value, consistent with previous findings.  
 
 
5.3 Response to DNA damage  
 
In order to establish whether sarin caused the initiation of DNA signalling cascades or 
apoptosis, duplicate samples of cells were treated with the two highest concentrations of 
sarin used in the MTT and comet assay studies.  Samples were analysed for the expression 
of p53, cleavage of PARP-1 and for cleavage of pro-caspase 9 (both markers of apoptosis) 
using western blotting.  Etoposide is a chemotherapy agent whose specific action is based 
on the induction of DNA damage and apoptosis, mediated by the inhibition of 
topoisomerase II and the generation of DNA strand breaks.  Etoposide was therefore used 
as a positive control for the analysis of DNA damage signalling events and apoptosis. 
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5.3.1 p53 response 
 
A background level of p53 can be seen in the IPA treated cells with an increase in p53 
protein levels at 1 hour with 0.1 and 1µM sarin (GB) but returning to similar levels to the IPA 
treated cells at 4 and 24 hours. Elevated levels of protein occurred with 50µM etoposide at 
1, 4 and 24 hours.  GAPDH was used as a loading control (figure 5.5).  
 
 
Figure 5.5. Western blot of the expression of p53 in TK6 cells after sarin (GB).  Cells were exposed to the 
indicated concentrations of Sarin for 1, 4 and 24 hours prior to western blot analysis.  Etoposide was used as a 
positive control for the activation of DNA damage signalling. 
 
 
The western blot in figure 5.5 was quantified using Syngene GeneTools software. The values 
obtained for increases in p53 were then normalised against GAPDH. Each sample was 
completed in duplicate and the results are displayed as a mean with +/- standard error. 
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Figure 5.6. A graph of the change in expression of p53 in TK6 cells after Sarin.  Cells were exposed to the 
indicated concentrations of Sarin for 1, 4 and 24 hours prior to western blot analysis.  Etoposide was used as a 
positive control for the activation of DNA damage signalling. Values have been calculated using Syngene 
software and normalised against GAPDH levels. Error bars are ± STD error 
 
 
An increase in p53 was seen after sarin at 1 hour, returning to background levels at 4 and 24 
hours. In figure 5.6 it is clear that the kinetics of p53 levels after exposure to sarin compared 
to etoposide is very different. Sarin causes an increase of p53 protein levels very rapidly at 1 
hour with a doubling of p53 when compared to untreated sample. At 4 and 24 hours, p53 
levels then return to background levels. Etoposide however causes an increase of p53 
protein levels over the entire 24 hours.  The rapid but transient increase in p53 after sarin is 
consistent with the comet assay data and would further support the conclusion that low 
levels of DNA damage are rapidly induced but then repaired over the course of 24 hours. 
 
5.3.2 PARP-1 
 
PARP-1 is cleaved from its full length form at 116kDa to a 89kdA fragment during apoptosis, 
figure 5.7 shows full length PARP-1 at 1, 4 and 24 hours after treatment with sarin and 
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etoposide. The IPA treated cells show that PARP-1 does not become cleaved at 1, 4 or 24 
hours with a clear band shown at 116kDa. The sarin treated cells (both 0.1 and 1 µM) show 
a clear increase in the full length PARP-1 fragment and a small increase in the cleaved PARP-
1 fragment. The increase in the cleaved PARP fragment at 1 hour is most likely due to the 
increase in the full length fragment and occurs due to a higher turnover of the enzyme 
rather than an early induction of apoptosis. Etoposide shows no PARP-1 cleavage at 4 or 24 
hours but very clear PARP-1 cleavage at 24 hours. GAPDH was used as a loading control.   
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Figure 5.7. Western blot of the expression of full length PARP in TK6 cells after Sarin (GB).  Cells were 
exposed to the indicated concentrations of Sarin for 1, 4 and 24 hours prior to western blot analysis.  
Etoposide was used as a positive control for the Cleavage of PARP1. 
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The western blots in figure 5.7 have been quantified using Syngene Genetools software as 
previously described. Sarin caused an induction of full length PARP-1 and PARP-1 cleavage 
fragment at 1 hour causing a 3 fold induction of both proteins compared to the untreated 
sample and then returned to background levels at 4 and 24 hours. Etoposide however 
displays a classic profile of PARP-1 cleavage showing no cleavage at 1 and 4 hours, with 
strong bands of the 89kDa fragment at 24 hours. As described earlier, it is likely that the 
increase in cleaved PARP-1 is an artefact, caused by increased levels of full length PARP-1. 
To clarify, cleaved PARP-1 is present in untreated cells due to a background level of PARP-1 
cleavage. If the full length protein increases then the levels of cleaved PARP-1 will increase 
accordingly. This is exactly the pattern observed in figure 5.8 with sarin. The increase in full 
length PARP-1 is an interesting observation that will be discussed further at the end of the 
chapter. Etoposide shows no PARP-1 cleavage at 1 and 4 hours, with strong bands of the 
89kDa fragment at 24 hours, consistent with the induction of apoptosis. 
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Figure 5.8. The expression of PARP1 in TK6 cells after sarin.  Cells were exposed to the indicated 
concentrations of Sarin for 1, 4 and 24 hours prior to western blot analysis.  Etoposide was used as a positive 
control for the activation of DNA damage signalling. Values have been calculated using Syngene software and 
normalised against GAPDH levels. Error bars are ± STD error. 
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5.3.3. Apoptosis 
 
During apoptosis pro-caspase 9 is cleaved from 45kDa to 35kdA and 10kdA fragments; 
Figure 5.9 shows the levels of full length pro-caspase 9 and cleaved caspase 9 after 
treatment with sarin and etoposide at 4 and 24 hours. At 4 hours it is clear that there is no 
sign of pro-caspase 9 cleavage, whereas at 24 hours there is clear cleavage of pro-caspase 9 
with etoposide, but not with sarin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Western blot of the expression of full length caspase 9 in TK6 cells after Sarin.  Cells were exposed 
to the indicated concentrations of Sarin for 4 and 24 hours prior to western blot analysis.  Etoposide was used 
as a positive control for the Cleavage of caspase 9 
 
The data in figure 5.9 has been quantified as previously explained.  It is clear that cleavage 
of pro-caspase 9 did not occur with sarin as levels of cleaved fragment remain at 
background levels of 1. Pro-caspase 9 cleavage did occur with etoposide after 24 hours, with 
a 5-fold increase in comparison with IPA treated cells.  Sarin did cause an induction of the 
full length pro-caspase 9 in comparison with IPA treated cells causing an increase in 
expression from 1 to 1.5 in the full length fragment after treatment with 0.1µM and an 
increase from 1 to 2 after 1µM at 24 hours.   
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Figure 5.10. The change in expression of Pro-caspase 9 in TK6 cells after sarin.  Cells were exposed to the 
indicated concentrations of sarin for 24 hours.  Etoposide was used as a positive control for the induction of 
apoptosis and cleavage of caspase 9. Values were calculated using Syngene software and normalised against 
GAPDH levels. Error bars are ± STD error. 
 
5.3.4 Cell cycle effects 
 
A549 were used to investigate cell cycle effects after 0.1µM and 1µM sarin for 4 and 24 
hours. The membranes were probed for cdc2 (Tyr15) and Rb (Ser 795).  In addition, the 
levels of p53 were investigated for two reasons.  Firstly, to corroborate our findings in TK6 
cells and secondly, p53 induction is required for G1/S phase arrest, via induction of p21 and 
subsequent inactivation of cdk2. 
 
Sarin does not show a significant increase of p53 after 4 or 24 hours, consistent with the 
previous studies in TK6 cells. The increase of p53 protein levels is clear after 4 and 24 hours 
after treatment with etoposide (5 and 50µM).  Sarin does not cause a decrease in Rb 
phosphorylation after 4 or 24 hours, suggesting that a G1/S phase cell cycle arrest is not 
occurring.  However, there was a clear decrease in Rb phosphorylation with etoposide after 
24hours at both 5 and 50 µM concentrations (Figure 5.11). The antibody detects two bands 
in the region of interest, likely corresponding to different phospho-forms of Rb 
(phosphorylation can affect protein migration during gel electrophoresis).   
 
Sarin 
131 
 
There is an increase in the phosphorylated cdc2 protein with both 0.1 and 1µM sarin, 
particularly at 4 hours and, to a lesser extent, at 24 hours.  A clear increase can be seen at 4 
hours with both concentrations of etoposide (5 and 50µM) in comparison with the 
untreated sample (Figure 5.11). A decrease in the phosphorylated cdc2 protein at 24 hours 
was seen with etoposide, consistent with a previous study demonstrating G2/M arrest after 
Adriamycin (Dan and Yamori., 2000). This data suggests that sarin is able to cause a G2/M 
block at 4 hours, this block is still present at 24 hours, but to a lesser extent.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11. Western blot of the change in expression of p53, p-cdc2 (tyr15), p-Rb (ser795) and GAPDH in 
A549 cells after sarin.  Cells were exposed to the indicated concentrations of Sarin for 4 and 24 hours prior to 
western blot analysis.  Etoposide was used as a positive control for the cell cycle effects. 
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Figure 5.12. Differing levels expression of p53, p-cdc2 (tyr15), p-Rb (ser795) in A549 cells.  Cells were exposed 
to the indicated concentrations of Sarin for 4 and 24 hours prior to western blot analysis.  Etoposide was used 
as a positive control for the activation of DNA damage signalling and cell cycle effects. Values were calculated 
using Syngene software and normalised against GAPDH levels. Error bars are ± STD error.    Only one result of 
the pair used due to erroneous result 
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The data was quantified in exactly the same manner as with TK6 cells and figure 5.12 shows 
that sarin and etoposide have different effects upon the cell cycle of A549 cells. Sarin shows 
a clear increase in phosphorylated cdc2 protein with the amount of phosphorylated protein 
doubling after 4 hours of treatment with both doses of sarin, this is consistent with a G2/M 
block of the cell cycle but has no effect on p-Rb795. Etoposide demonstrates a block at 
G2/M at 4 hours with an in increase in p-cdc2 protein and at 24 hours a block at G1/S with a 
decrease in the phosphorylated p-Rb795 protein.  
 
5.4 Discussion 
 
The comet assay demonstrated that sarin induced DNA damage in TK6 cells in a dose-
dependent manner. Although there was an increase in DNA damage in TK6 cells relative to 
control, the actual extent of DNA damage was still low. In general, OTM values <1 are 
classed as ‘undamaged’ and values of 1-2 are classed as low level damage (Collins et al., 
1997). In addition, the maximum level of DNA damage was observed after 1 hour suggesting 
that sarin is able to modify DNA quickly. After 1hour the increase in DNA damage was 
associated with a 10% loss in cell viability after 0.01 and 0.1μM sarin and a 15% loss after 
1μM sarin, therefore it cannot be excluded that the DNA damage occurred due to cell loss, 
although the mode of cell death is unclear.  After 24 hours, the levels of DNA damage had 
decreased compared to the values at 1 hour.  This may be due to the sarin rapidly 
disappearing from the in vitro system due to its instability in aqueous solution and the cell 
beginning to repair the DNA damage. Ewing et al. (2001) suggested that at pH 7.0 at 
ambient temperature the half life of sarin can vary from 10-100 hours; however this time 
would be expected to increase at 37oC. Data obtained with the comet assay showed that 
exposure to sarin induced DNA damage, though at relatively low levels when considering 
the mean. However when considering damage on an individual cell basis, approximately 
20% of cells treated with 1µM had an OTM value of >5 this is much higher than seen with 
dichlorvos compared with 2µM at 1 hour. It shows a similar distribution of damage to 
chlorpyrifos and chlorpyrifos oxon at the same concentration and time.  Damage to DNA 
should result in the activation of DNA damage signalling pathways, mediated by the activity 
of the ATM/ATR and Chk1/2 protein kinases.  Central to this signalling cascade is the tumour 
suppressor protein p53, which is induced and activated after DNA damage.   In TK6 cells, p53 
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was increased at 0.1 and 1µM sarin after 1 hour. At 4 and 24 hours a similar expression to 
that of the IPA samples was observed. This would suggest that these concentrations of sarin 
caused a rapid and transient increase in p53 and would correlate with rapid DNA damage 
observed with the comet assay.  
 
Cytotoxicity studies showed that sarin has low cytotoxic potential at nM-µM concentrations. 
The cytotoxicity of sarin, demonstrated in the MTT assay, was investigated further by 
analysing the cleavage of PARP-1 as an indicator of apoptotic cell death.  Sarin (0.1 and 
1µM) caused an increase in full length PARP-1 and the cleaved fragment of 89kDa after 1 
hour. As described in the results section, the apparent increase in cleaved PARP-1 is likely an 
artefact, caused by an increase in the levels of full length PARP-1. However the fact that full 
length PARP-1 is increased is an interesting observation. Previous studies have 
demonstrated that enzymatic activity of PARP-1 is increased in the presence of DNA 
damage, with the actual protein levels remaining unchanged (Williams et al., 2008).  
However, there are no previous studies showing an increase in PARP-1 protein levels.  This 
observation warrants further investigation, initially by identifying whether the increase is 
due to increased transcription of the PARP-1 gene or due to increased protein stability.  The 
functional significance of this increase should then be investigated.  No further PARP-1 
cleavage is seen at 4 or 24 hours suggesting that sarin is able to cause its unidentified toxic 
effect within 1 hour but it is unlikely that it is apoptosis. This hypothesis is corroborated as 
during apoptosis pro-caspase 9 is cleaved from 45kDa to 35 kdA and 10 kdA fragment. 
Neither sarin nor etoposide showed the cleaved pro-caspase 9 fragment of 35kDa after 4 
hours. The cleaved fragment was clearly seen with etoposide at 24 hours but not with sarin, 
suggesting that the cell death that occurred at 24 hours after treatment with sarin 
(according to the MTT assay) was not due to apoptosis. It is also possible that due to the 
small decrease in cell viability after exposure to sarin, the assay may not be sensitive enough 
to detect apoptosis in the small number of cells that die. Further investigation is required to 
identify the mode of cell death. To investigate apoptotic cell death further, other apoptotic 
markers should be investigated, for example the use of Annexin V assays that detects the 
expression of phosphatidylserine on the outer leaflet of the plasma membrane, (occurs 
early in apoptosis) and  caspase cleavage.  In addition markers of necrosis and other forms 
of cell death should be investigated due to the lack of evidence of apoptosis. For example 
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the Annexin V treatment can be coupled with propidium iodide and this will display any cells 
that have started to become necrotic. 
 
A549 cells were used to study any cell cycle effects seen after exposure to sarin.  Sarin was 
not responsible for a significant increase of p53 levels after 4 or 24 hours and this was the 
same as seen with TK6 cells. Sarin did not cause a decrease in Rb phosphorylation after 4 or 
24 hours, suggesting that sarin does not cause cell cycle arrest at G1/S phase. However, 
there was an increase in the phosphorylated cdc2 protein with both 0.1 and 1µM sarin at 4 
and 24 hours, suggesting cell cycle arrest at the G2/M boundary. The G2/M checkpoint is 
regulated by a complex of cdc2-cyclinB1; the initiation of cell cycle arrest is mediated by 
increased phosphorylation of cdc2.  Cdc25 phosphatase is inactivated (by phosphorylation) 
in response to DNA damage which results in the accumulation of p-cdc2-tyr15. Etoposide 
was shown by Dan and Yamori 2001 to cause an initial increase in cdc-2 phosphorylation at 
4 hours but this disappears at 24 hours and suggests that the G2 arrest is due, most likely, to 
cyclin b1 repression rather than inactivation of cdc2 phosphatase. It is possible that sarin 
works by a different mechanism and may phosphorylate cdc25 phosphatase which allows 
for a longer G2/M block. Whilst the measurement of protein biomarkers provides good 
evidence for cell cycle arrest, these studies should be corroborated using FACS analysis to 
measure the DNA content of cells thus giving an indication of cell cycle phase.  
 
5.5. Chapter summary 
 
Sarin caused low levels of DNA damage after 1 hour, which was partially repaired at 24 
hours.  This resulted in low level cytotoxicity and a rapid but transient increase in p53 and a 
G2/M cell cycle arrest.  Further studies are required to confirm the mode of cell death after 
sarin. 
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6.0 Discussion  
This study aimed to investigate whether organophosphates were able to damage DNA and 
the DNA damage responses were also investigated as a further marker of genotoxicity.  The 
evidence presented suggests that dichlorvos and chlorpyrifos, currently used as OP 
pesticides and the nerve agent sarin tested in an in vitro system were able to cause DNA 
damage. A summary of the evidence to support this statement is presented for each OP and 
cell line (Table 6.1). 
 
Compound Cell type Effects 
Dichlorvos TK6  2-100μM caused an increase in DNA damage at 1 and 
24 hours.  
 100μM caused an increase in p53 protein levels at 2 
and 4 hours, returning to background levels at 24 
hours.  
 At 24 hours 2- 100μM caused an increase in DNA 
damage and a loss in cell viability (2-100μM) 
associated with PARP-1 cleavage (100μM), suggesting 
apoptosis as a mechanism of cell death 
 A549  Increased phosphorylation of histone H2AX, associated 
with DNA damage. 
 Decreased Rb phosphorylation after 4 hours and 24 
hours, indicating G1 cell cycle arrest (100μM). 
 Decreased cdc2 phosphorylation at 4 hours, indicating 
a G2 cell cycle arrest (100 μM).    
 SHSY5Y  DNA damage after only ten minutes at nM 
concentrations.  DNA damage at 0.01-100μM after 1 
hour. 
 Lymphocytes  DNA damage at 0.01-100μM after 1 hour. 
Chlorpyrifos TK6  0.01-10μM caused DNA damage after 1 hour, without 
a significant loss in cell viability.  
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  After  1 hour 100μM caused an increase in DNA 
damage, associated with a loss in cell viability and 
PARP-1 cleavage, suggesting apoptosis as a mechanism 
of cell death 
 At 24 hours, there was no difference between 
untreated cells and cells treated with 0.01 and 0.1μM, 
suggesting repair of the initial damage seen at 1 hour.  
 1-100μM caused an increase in DNA damage and 
decrease in cell viability after 24 hours.  This was not 
associated with PARP-1 cleavage and this may be due 
to necrosis being the major pathway by which cell 
death is occurring.  
 No increase in p53 protein levels at 4 or 24 hours. 
 A549  No cell cycle effects at 24 hours (no change in Rb or 
cdc2 phosphorylation. 
Chlorpyrifos 
oxon 
TK6  0.01-10μM caused an increase in DNA damage after 1 
hour, without a significant loss in cell viability. 
  100μM caused an increase in DNA damage, with a loss 
in cell viability but no PARP-1 cleavage, suggesting that 
apoptosis was not the mechanism of cell death. 
 0.01-100μM Increase in DNA damage after 24 hour 
0.01-100μM, with a significant loss in cell viability. 
 100μM caused an increase in DNA damage, with a loss 
in cell viability as well as PARP-1 cleavage, suggesting 
that apoptosis was a possible mechanism of cell death. 
 A small increase in p53 levels was seen after 24 hours 
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(100μM). 
Sarin TK6  0.01 -1μM caused an increase in DNA damage after 1 
hour (0.01-1μM), with a 10% loss in cell viability. 1μM 
caused an increase in DNA damage and a loss in cell 
viability with an apparent increase PARP-1 cleavage. 
 Increase in p53 levels after 1 hour suggesting a 
transient p53 effect. 
 0.1 and 1μM  caused an increase in DNA damage after 
24 hours and a 10% loss in cell viability.  
 A549  Decreased cdc2 phosphorylation at 4 and 24 hours, 
indicating a G2 (100μM).   
 No effect on the phosphorylation of Rb-Ser795 at 4 
and 24 hours. 
Table 6.1. A Summary of all results for the effects of OP in each of the cell lines used.  
 
Dichlorvos caused DNA damage as assessed by the comet assay. Dichlorvos caused damage 
to DNA at nM concentrations that showed little to no signs of cytotoxicity. The comet assay 
only measures DNA damage but not the mechanism by which it occurs and damage may 
result from the direct effect of a chemical or its metabolite on DNA, as the result of 
oxidative stress or from apoptosis. At higher µM doses DNA damage is accompanied by 
cytotoxicity and dichlorvos (100μM) caused the cleavage of PARP-1 after 24 hours which is 
indicative of apoptosis. It is important to measure the effect of dichlorvos on other markers 
of apoptosis such as cleavage of pro-caspase9 and the expression of pro-apoptotic proteins 
such as Bax and cytochrome c, to confirm the importance of apoptosis at low and high 
concentrations.  The DNA damage observed at high concentrations may in part be due to a 
direct mechanism such as methylation of bases, direct adduct formation or oxidative stress 
but it may also be a consequence of apoptosis and degradation of chromosomal DNA, which 
is detected by the comet assay. A recent study by Patel et al. (2007) demonstrated that 
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dichlorvos was cytotoxic and can cause DNA damage in Chinese hamster ovary (CHO) cells at 
concentrations of 0.01 to 10µM. The corresponding concentrations to those used in these 
experiments showed similar levels of cytotoxicity and they reported slightly lower levels of 
DNA damage than presented here. Doherty et al. (1996) have also demonstrated that the 
incidence of micronuclei increases after exposure to dichlorvos in human lymphoblastoid 
cells which suggests that dichlorvos is potentially genotoxic. Preliminary studies undertaken 
in primary lymphocytes showed that dichlorvos caused similar levels of DNA damage 
measured by the alkaline comet assay. The findings were supported by Atherton et al. 
(2006) who reported that dichlorvos was able to damage DNA in freshly isolated 
lymphocytes, at shorter exposure time and lower concentrations than the experiments 
conducted here.  Primary lymphocytes isolated from human blood samples can be used to 
monitor biomarkers of DNA damage in vivo such as Comet assay and H2AX phosphorylation 
after exposure to OPs. DNA damage was detected by the Comet assay in blood samples 
from farm workers occupationally exposed to OPs in Spain corroborating the use of 
lymphocytes for biomonitoring of DNA damage (Atherton et al. (2009). 
 
Studies in TK6 and A549 cells showed that dichlorvos caused an increase in p53 protein 
levels and increased H2AX phosphorylation, further suggesting that dichlorvos caused DNA 
damage and corroborating the comet assay data. It was also demonstrated that dichlorvos 
caused cell cycle arrest and apoptosis. As cytotoxicity occurred after exposure to dichlorvos 
in TK6 cells this would suggest that a proportion of cells are too extensively damaged and 
are being directed towards cell death. Other cells that have been damaged by dichlorvos 
have initiated cell cycle arrest and repair of the damaged DNA. It is unclear whether the 
cytotoxicity is a direct response to the DNA damage or whether dichlorvos is reducing cell 
viability via an alternative mechanism such as ROS production. Yamano et al. (1996) showed 
that dichlorvos did cause lipid peroxidation and  single strand breaks in DNA in isolated rat 
hepatocytes and suggested that this occurred by two separate mechanisms. Further 
investigation to assess whether dichlorvos can directly adduct with DNA should be 
conducted by mass spectrometry to definitively identify what type of damage is occurring 
after exposure to dichlorvos. In addition 8-oxodeoxyguanosine (8-oxo-dG) is a product of 
oxidative DNA damage by ROS and serves as an established marker of oxidative stress. 
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Increased ROS will result in increased levels of 8-oxo-dG which if unrepaired can be 
genotoxic. Measuring ROS (for example by the fluorescence based nitroblue tetrazolium 
(NBT) assay) and levels of 8-oxo-dG by liquid chromatography mass spectrometry in vitro 
after dichlorvos would provide further evidence of the mechanism by which dichlorvos is 
able to cause DNA damage. 
 
Dichlorvos did cause a decrease in Rb phosphorylation after 4 hours, this returned to 
background levels at 24 hours, which suggested that dichlorvos, does cause cell cycle arrest 
at G1/S phase but the block was lifted after 24 hours. There was an increase in the 
phosphorylated cdc2 protein with dichlorvos at 4 hours. This would suggest a G2/M block in 
the cell cycle. These effects would allow for cell cycle arrest and allow for repair of the DNA 
damage. Preliminary studies were conducted in TK6 cells on the role of specific DNA repair 
pathways after dichlorvos treatment. These studies involved treatment of TK6 cells with 
specific enzyme inhibitors to inhibit the DNA repair pathways BER and NHEJ, followed by 
treatment with dichlorvos and measurement of cell viability. Preliminary results suggested 
that both pathways were involved in the repair of DNA damage caused by dichlorvos, 
suggesting that dichlorvos was able to cause more than one type of lesion. BER repairs 
simple adducts and single strand breaks whereas NHEJ repairs double strand breaks. These 
finding could be explained by an ROS based mechanism as ROS are capable of forming all 
these types of lesion. These results, along with the comet assay data, indicate that 
dichlorvos causes damage to DNA which the cell responds to by initiating DNA repair 
mechanisms. Future work should include studies of other DNA repair pathways, for 
example, the role of NER can be studied using cells from individuals with Xeroderma 
Pigmentosum.  In addition, cells are available that are deficient in ATM and ATR, from 
individuals with ataxia telangiectasia and seckel syndrome, respectively.  By using these 
cells, it is possible to further understand DNA damage signalling after exposure to 
dichlorvos.   
 
Chlorpyrifos and chlorpyrifos oxon both damaged DNA as assessed by the alkaline comet 
assay but this damage did not result in an increase in p53 following chlorpyrifos treatment 
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although a small increase followed chlorpyrifos oxon. Cell cycle effects were seen at 24 
hours with a reduction in Rb and cdc2 phosphorylation after treatment with chlorpyrifos. It 
is possible that the p53 induction was rapid and transient as seen with sarin and not 
detected. There is evidence to suggest that the mode of cell death by chlorpyrifos or its 
oxon is apoptosis as  PARP-1 cleavage was seen, but other cell death mechanisms or even a 
convergence of several cell death pathways cannot be ruled out without further 
investigation.  The results presented here are in contrast with the findings of the In vitro 
results by Gollaupdi et al. (1995) who reported that chlorpyrifos did not induce 
chromosomal aberrations  in Chinese hamster cells in vitro or in fresh lymphocytes from a 
rat pre-dosed with chlorpyrifos. Cui et al. 2006) reviews the potential of chlorpyrifos and 
cypermethrin to form DNA adducts in mouse hepatocytes was evaluated. It was found that 
chlorpyrifos was unable to form such adducts. In addition Cui et al. (2011) reported that 
chlorpyrifos induced no excision-repairable DNA damage (measured by the incorporation of 
radio labelled DNA) but did cause DNA strand breakage (measured by the comet assay) in 
ICR mouse hepatocytes. Therefore it is possible that chlorpyrifos as suggested by the above 
studies did not directly cause DNA damage but only following cytotoxicity unlike dichlorvos. 
However DNA damage did occur in the present study when there was little or no 
cytotoxicity.  Rahman et al. (2002) concluded that chlorpyrifos was able to cause DNA 
damage in mice leucocytes in a dose dependant manner; with DNA damage measured using 
the alkaline comet assay.  The study also noted that the DNA was repaired 48 hours after 
exposure. This provides some support for the results presented here as low nM 
concentrations of chlorpyrifos caused higher levels of DNA damage at 1 hour than 24 hours, 
suggesting that DNA repair was occurring. More recent studies by Salazar-Arredono et al. 
(2008) support that chlorpyrifos and its oxon are damaging to spermatoza.  
 
Sarin was also able to cause DNA damage as assessed by the comet assay.  Sarin possibly 
caused direct DNA damage as there was a rapid and transient p53 response after exposure 
to sarin at nM concentrations and the damage was repaired over the course of 24 hours. 
DNA damage did occur in parallel with a loss in cell viability (albeit only 10%), so it cannot be 
ruled out that some of the increase in DNA damage was due to cell death. There was no sign 
of apoptosis at low doses as PARP-1 and pro-caspase 9 cleavage was not increased and it is 
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possible the cell loss was by another mechanism such as necrosis. It is also possible that at 
higher doses, similar to those studied for dichlorvos and chlorpyrifos, sarin would cause 
apoptosis. There was evidence of a G2/M cell cycle arrest after sarin treatment, allowing for 
repair of DNA and providing further evidence that sarin was able to cause damage to DNA. 
As with dichlorvos, it was not possible to conclude that sarin caused direct DNA damage 
without evidence of adduct formation and the damage could be due to the production of 
ROS.  Goldman et al. (1987) have reported that sarin is not genotoxic or mutagenic in in vivo 
and in vitro assays although in parallel with the results presented here Dave et al. (2007), 
showed that low level exposure to sarin in guinea pigs caused an initial increase in DNA 
damage at 1 and 4 days but after 17 days the damage had been repaired. 
 
 
Dichlorvos was chosen as it is an oxon and in addition it also has small leaving groups like 
nerve agents. As previously discussed (see section 1.2) ageing of an OP determines how 
effective it is as an inhibitor of AChE. Dichlorvos was a good surrogate for a nerve agent as it 
has a similar structure and had been classed as possibly carcinogenic by the WHO and was 
available to use within the University laboratories. The genotoxic and mutagenic potential of 
dichlorvos has been the subject of a recent review (Booth et al., 2007). Chlorpyrifos was 
selected for study as it is available as both a phosphorothioate and the oxon metabolite 
allowing comparison between the toxicity of the two molecules. Sarin was chosen as the 
nerve agent for comparison 
 
Initial studies were conducted using SHSY-5Y neuroblastoma cell lines. These were selected 
as they would be a target cell line after exposure to OP poisoning and were known to have 
AChE activity. However these cells did not produce spherical “heads” in the comet assay 
which made DNA damage difficult to quantitate accurately using the image analysis 
software. The study was then adapted to use TK6 lymphoblastoid cell line. This had many 
advantages as they were a suspension cell and could be grown in very large numbers 
relatively quickly. Because they were an immortalised lymphoblastoid they remained 
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spherical during the processing component of the comet assay and allowed for more 
accurate analysis. In addition, these cells serve as a model for freshly isolated blood 
lymphocytes.  
 
OP oxons such as studied here (dichlorvos and sarin) are rapidly hydrolysed following 
absorption in to systemic circulation by PON1, Carboxylesterases (CaE) and the Mn-
dependent esterase (Sogorb et al., 2002). The predominant esterase depends on the 
molecule and the nature of the bond. Chlorpyrifos oxon formed by oxidative metabolism in 
the liver is also hydrolysed. This rapidly removes the oxon reducing the direct toxic effect on 
acetylcholinesterase.  
 
If DNA damage is dependent upon a direct mechanism then rapid hydrolysis in vivo allows 
for cellular recuperation and repair.   If the DNA damage is due to oxidative stress induced 
by the oxon (via undetermined mechanism) then the damage might be observed after 
hydrolytic removal of the oxon, therefore OPs via an indirect mechanism are still able to 
exert a toxic effect even after hydrolysis and removal.  
 
In vitro when the oxon is added to the medium the OP will enter the cell by passive 
diffusion. There is no evidence that oxons are substrates for active transporters but some 
evidence that they are for efflux transporters, with chlorpyrifos increasing the expression of 
MDR-1 (Agarwala et al., 2004). Within the cell the OP could bind to acetylcholinesterase and 
other sequestering esterases, or become rapidly hydrolysed in aqueous conditions or by 
PON-1 (if present). In vivo Dichlorvos rapidly hydrolyses to dimethyl phosphate and 
dichloroacetaldehyde, or to o-demethyldichlrovos and methanol (Gan et al., 2006). Benoit-
Marquie et al. (2003) suggest that dichlorvos when applied to an aqueous system will lose 
approximately 30% of the applied dose after ten minutes.  Sarin will hydrolyse in neutral 
conditions to isopropyl methylphosphonate (degrading to methylphosphonic acid); this is 
affected by temperature and pH. Ewing et al. (2001) suggested that at pH 7.0 at ambient 
temperature the half life of sarin can vary from 10-100 hours; however this time would be 
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expected to decrease at systemic temperature. It is therefore possible that the levels of 
oxon to which cells are exposed in vitro for a specific dose will be higher than those in vivo, 
however due to the rapid rate of hydrolysis of these chemicals the concentration available 
in the in vitro system may still be low.  Future work should be based on not only measuring 
the amount of dichlorvos in the media but in addition measuring the types and amount of 
adduct within the cell after exposure to OPs using tandem mass spectrometry. There is no 
published work that has looked at measuring the internal and external levels of OP in an in 
vitro system. 
 
Phosphorothioates such as chlorpyrifos will not inhibit acetylcholinesterase until converted 
to chlorpyrifos oxon by cytochrome P450s. These enzymes are most abundant in the liver. 
The oxon will then be removed by hydrolysis. In vitro studies of the fate of chlorpyrifos 
indicate that following formation of the oxon, it is rapidly removed by hydrolysis. 
Chlorpyrifos at pH6.9 at 25oC has a half life 35.3 days (Meikle et al., 1978). Chlorpyrifos is 
therefore more stable than the oxon metabolite (and dichlorvos and sarin) and is therefore 
able to remain in the in vitro system for longer if oxidative metabolising enzymes are low. 
Therefore as DNA damage is seen with chlorpyrifos in a lymphoblastoid cell line where there 
are no active cytochrome P450 enzymes (Shirnamé-Moré et al., 1991) the effect is most 
likely due to the parent molecule rather than conversion to chlorpyrifos oxon inducing 
oxidative stress by cytochrome P450 activity. There was greater damage with chlorpyrifos 
oxon than the parent molecule. On a molar basis at high concentrations both caused 
extensive cell death and therefore it is hard to interpret the DNA damage data at this 
concentration. It is likely that the DNA damage and cytotoxicity is due to availability of 
compound. The parent molecule causes extensive damage faster than the oxon as it is not 
bound to as many proteins and is free to exert a cytotoxic effect, whilst the unstable oxon 
binds to proteins within the cell and is not as available. It is likely that the toxic effect seen 
with these compounds is via the same mechanism and whether it is a phosphorothioate or 
an oxon either has the same effect or is not important in the mechanism for DNA damage or 
cytotoxicity. 
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Systemic µM doses of OP (0.1, 1, 10 and 100µM) would cause complete inhibition of AChE 
and the death of any organism exposed to that concentration in vivo.  Therefore acute AChE 
inhibition is the primary toxic effect leading to death and the DNA damage seen at these 
levels would be less important in vivo.  However DNA damage is more important at the 
lower concentrations where recovery from AChE inhibition is possible. Commercial 
formulations of organophosphates contain active ingredients at high molar concentrations, 
e.g. dichlorvos is present at 3.4 M in Nuvan 50 EC (Amvac Chemical Company) 
and chlorpyrifos is present at 594 mM in Dursban 480 EC (Dow Agrosciences), based on 
information given in manufacturers’ safety data sheets (Amvac Chemical Company, 2011; 
Dow Agrosciences, 2011. Therefore any worker who is using these chemicals and is 
accidentally exposed to these via a splash to the skin could have a local exposure relevant to 
the concentrations used in these experiments. A finite dose of dichlorvos in isopropyl 
myrisate would result in a skin concentration of 450µM in the epidermis assuming that the 
dichlorvos remains there and does not move further into the dermis (Craig Moore- PhD 
thesis). The mechanisms observed at high µM concentrations could still be initiated by the 
cell in response to exposure to lower doses. The mechanisms were not detected at lower 
doses in these studies, as these concentrations of OP did not cause enough DNA damage to 
result in cellular changes detectable by western blotting analysis.  
 
Initial experiments showed very low DNA damage in response to nM and low µM doses. The 
levels of DNA damage were not sufficient to induce any p53 response, as measured by 
western blotting. The experiments were expanded to include higher concentrations of OP 
and therefore allow for the mechanisms in response to DNA damage to be observed. At 
higher concentrations, OPs did cause higher levels of DNA damage. What became clear was 
that after exposure to dichlorvos and sarin, not all cells were affected to the same extent; 
some cells showed high levels of damage and others remained at back ground levels. 
However with chlorpyrifos and chlorpyrifos oxon the levels of DNA damage was more evenly 
distributed throughout the 50 cells scored. This could mean that sarin and dichlorvos are 
only able to cause DNA damage at certain points during the cell cycle. In order to establish 
this, cells can be synchronised in the cell cycle by the removal of FBS, this allows for the 
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synchronisation of cells in G0 and re-enter G1 upon addition of FBS. Treatment with OP can 
then occur at certain points in the cell cycle and allow for the comparison of DNA damage.  
 
It is important to determine whether the DNA damage is due to a direct mechanism or as an 
artefact of cell death. In order to determine if the OPs used in this study were able to have 
direct effect the DNA would need to be analysed by mass spectrometry, this would establish 
if any adduct were occurring and the type of adduct formed. The best method for this is a 
general, non targeted screen for DNA adducts, and would use a mass spectrometry 
procedure called Data Dependent Constant Neutral Loss. This takes advantage of the mass 
spectrometry properties of the nucleosides which loose the deoxyribose group, a mass of 
116 when damaged. The parent ion is measured by mass spectrometry. As the mass of non 
adducted nucleosides are known, a higher mass would predict the presence of a DNA 
adduct. The same procedure can be used for a more targeted approach, if the nature of the 
adducted compound is known or trying to detect a specific alkylation, where the mass of the 
parent DNA adduct can be specified. 
 
Further investigation is required to determine which type of cell death is occurring and 
whether there is a switch between modes of cell death after exposure to OPs. Markers of 
apoptosis such as caspase 3, 8 and 9 and of other forms of cell death such as markers for 
necrosis like propidium Iodine should be investigated. Autophagy can be investigated using 
western blot analysis and tracking the change of the protein complex LC3-I to LC3-II. MAP-
LC3 is a major constituent of the autophagosome, a double membraned structure that 
sequesters the target organelle/protein and then fuses with endo/lysosomes where the 
contents and LC3 are degraded. During autophagy, the cytoplasmic form (LC3 I) is processed 
and recruited to the autophagosome’s, where LC3 II is generated by site specific proteolysis 
and lipidation near to the C-terminus. The hallmark of autophagic activation is thus the 
formation of cellular autophagosome containing LC3 II, while autophagic activity is 
measured biochemically as the amount of LC3 II that accumulates in the absence or 
presence of lysosomal activity (Tanidia et al., 2005) Parthantos can be studied by looking for 
the over activation of the PARP-1 enzyme using western blot analysis accompanied with 
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fluorescence microscopy of the PAR polymer formed. In order to ensure that no mechanistic 
changes are missed a more expansive time point regime is required and earlier time points 
of 1, 4, 8, 12, 16 and 24 hours should be included.  
 
Although western blotting was a good technique for measuring protein levels in the cell 
cycle, there was little change in total protein levels after OP exposure. In future studies it 
may be useful to employ a more sensitive technique such as flow cytometry. Briefly, the 
DNA content of a cell can be quantitatively measured by flow cytometry. A permeabilized 
single cell solution has a fluorescent dye added to it. The dye binds stoichiometrically to the 
DNA meaning that the amount of stained material that is incorporated into the cell will be in 
proportion to the amount of DNA. The stained material is then measured in the flow 
cytometer and the emitted fluorescent signal yields an electronic pulse with amplitude 
proportional to the total fluorescence emission from the cell. Thereafter, such fluorescence 
data are considered a measurement of the cellular DNA content.  Since the data obtained is 
not a direct measure of cellular DNA content, reference cells with various amounts of DNA 
should be included in order to identify the position of the cells with the normal diploid 
amount of DNA.  In addition to determining the relative cellular DNA content, flow 
cytometry also enables the identification of the cell distribution during the various phases of 
the cell cycle. Four distinct phases could be recognized in a proliferating cell population: the 
G1-, S- (DNA synthesis phase), G2- and M-phase (mitosis). In addition to cell cycle effects 
flow cytometry could be used to measure and quantify -H2AX, this would be useful as this 
would allow for an accurate percentage of cells showing DNA damage.  
 
To relate in vitro results to the in vivo exposure situation it is important to look at the 
effects of chronic exposure of cells to nM concentrations of OPs. This would allow for 
comparison with the acute effects reported here, to see if the rapid DNA damage seen here 
has lasting effect over a longer period of time. For example the relatively small level of 
cytotoxicity observed with nM concentrations of OP at 1 and 24 hours increased over time 
could be the initial signs of cell death or show signs of recovery when monitored for a longer 
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time period. In the case of DNA damage it would be interesting to see if the damage seen at 
1 and 24 hours was repaired during a chronic exposure.    
 
These studies have confirmed that two organophosphate pesticides with differing structures 
and the nerve agent sarin could induce DNA damage in cells in culture but to differing 
degrees and duration. Further investigations of cell signalling and repair indicated that the 
damage could either be repaired or the damage leads to cell death. These studies have 
shown that comparative studies using less toxic and available organophosphates can be 
extrapolated to understand the toxic effects of nerve agents. The concentration of 
organophosphate to which cells might be exposed in vivo in individuals on the periphery of 
an accidental exposure scenario for whom the acute effects of acetylcholinesterase 
inhibition would not be fatal due to metabolism and in the case of accidental exposure only 
primary exposure sites such as lung and skin would be exposed to high concentrations of OP 
where DNA damage might be induced. Further investigation is required to confirm the 
relation between exposure and effect in target tissues both in vitro and in vivo in animal 
models 
 
These studies have shown that in vitro exposure of cells in culture to sarin at nM to µM 
concentrations could cause low level DNA damage.   These observations may have 
implications for the exposure of the civilian population at the periphery of a release incident 
who does not suffer acute effects. An important future aim is to answer the question; will 
sub-lethal sarin exposure cause genotoxic effects? This would best be further investigated 
using comparative in vitro and in vivo studies, conducted in animals, with relevant 
concentrations of sarin. These studies could assess the risk to the population of DNA 
damage and development of cancer; however selection of an appropriate dose will be 
crucial.  The most highly exposed cells in vivo would be in skin or airways and these should 
be investigated. The results present here suggest that cells may be able to repair low levels 
of DNA damage and the repair enzymes involved should be investigated in vivo. The type of 
DNA damage caused needs to be investigated and whether DNA damage may be induced by 
oxidative stress or as the result of direct formation of a DNA adduct. Newly synthesised OPs 
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should have genotoxicity tests included in the screening evaluation as these studies here 
have demonstrated that OPs can cause DNA damage and increased incidence of cancer has 
been seen in end users such as farmers and crop sprayers. 
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